Estimate of radiation release from MIT reactor with low enriched uranium (LEU) core during maximum hypothetical accident by Plumer, Kevin E. (Kevin Edward)
Estimate of Radiation Release from MIT Reactor with Low
Enriched Uranium (LEU) Core during Maximum Hypothetical
Accident
ARCH-IVESby MASSACHUSETTS INSTTUTE
OF TECHNOLOGY
Kevin E. Plumer
JUL 2 5 20,12
S.B. Mechanical Engineering (2010)
Massachusetts Institute of Technology Li B RAR IES
Submitted to the Department of Nuclear Science and Engineering
in Partial Fulfillment of the Requirements for the Degree of
Master of Science in Nuclear Science and Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2011
@ 2011 Massachusetts Institute of Technology.
All rights reserved
Signature of Author:
Kevin E. Plumer
Department of Nuclear Science and Engineering
Ma 0, 2011
Certified by:
// -Benoit Forget
Assistant Professor of Nuclear Science and Engineering
Thesis Supervisor
Certified by:
Thonas H. Newton, Jr., Ph.D.
Associate Director for Engineering, Nuclear Reactor Laboratory
Thesis Reader
Accepted by:
Mujid S. Kazimi
TEPCO Profes of Nuclear Engineering
Chair, Department Committee of Graduate Students
2
Estimate of Radiation Release from MIT Reactor with Low
Enriched Uranium (LEU) Core during Maximum Hypothetical Accident
by
Kevin E. Plumer
Submitted to the Department of Nuclear Science and Engineering on
May 20, 2011 in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Nuclear Science and Engineering
ABSTRACT
In accordance with a 1986 NRC ruling, the MIT Research Reactor (MITR) is planning on
converting from the use of highly enriched uranium (HEU) to low enriched uranium (LEU) for
fuel. A component of the conversion analysis includes calculating the maximum hypothetical
accident (MHA) dose implications for the two types of fuel. In this work, the dose levels at the
site exclusion area boundary were calculated for the MITR MHA using both the HEU and LEU
models of the MITR core.
The core inventories from the reactor were calculated using the ORIGEN-S point-depletion code
linked to the MITR spectrum. The MITR spectrum was used from an MCODE simulation of the
equilibrium LEU and HEU versions of the core. Release fractions from the melted fuel to
containment were established using melt test data from plate-type fuel as well as modified
release fractions from NRC Regulatory Guides. The dose paths considered were the same paths
used in the previous work, consisting of atmospheric release through potential containment
leakage as well as direct and scattered gamma dose from the containment source term. The Total
Effective Dose Equivalent (TEDE) values were calculated in addition to the whole body and
thyroid doses.
For dose comparison the LEU thermal power was 17% higher than the HEU thermal power in
order to provide equivalent total flux levels to the experimental ports. The results showed that
the LEU core operating at 7 MW will yield TEDE levels 22% higher than the HEU core
operating at 6 MW for equivalent release fractions. The two-hour dose at the exclusion area
boundary from the LEU core operating at 7 MW using the plate-type fuel release fractions was
0.440 rem at 21 m and 0.344 rem at 8 m, while the dose from the HEU core operating at 6 MW
was 0.361 rem at 21 m and 0.281 rem at 8 m. These doses are within the public dose NRC
regulatory limit of 0.500 rem TEDE.
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1 Introduction
1.1 Background
The MIT reactor (MITR) is a tank-type research reactor that is currently fueled by 93%
enriched U - Al, flat-plate fuel elements arranged in a hexagonal core. As part of the Reduced
Enrichment for Research and Test Reactors (RERTR) program, the MITR will be converted to
low-enrichment monolithic U-Mo fuel developed at Argonne National Laboratory. A number of
different analyses must be conducted to determine the implications of the conversion. One such
analysis is a study of the radiological consequences of a maximum hypothetical accident.
The maximum hypothetical accident (MHA) is postulated as a coolant flow blockage in the
fuel element which contains the hottest channels. This accident could occur as a result of a
foreign object falling into the reactor during refueling. When coolant flow is resumed, the object
would be swept to the entrance of the fuel elements. In order to block flow to the fuel plates, the
object would have to pass through an adapter at the entrance of the coolant channel. This limits
the size of the object that could block coolant channels completely. The HEU core currently has
fuel elements containing 15 plates each. The new LEU design has 18 plates in the same volume
resulting in closer spacing between the plates. The change in spacing is sufficient to increase the
number of coolant channels which could be blocked from five to six. The MHA includes a
conservative assumption that the 5 plates which are completely without coolant melt, as the outer
plates of the blocked group would still be cooled on one side and would not melt. Once the
plates melt, fission products and actinides will be released to the reactor coolant system (RCS),
and then to containment.
The NRC provides guidance and regulations which define the methodology for calculating
radiation dose from a maximum hypothetical accident. Technical Information Document (TID)
14844, "Calculations of Distance Factors for Power and Test Reactor Sites" was the first
document regarding accident analysis released in 1962 (1). TID 14844 required that licensees
calculate the whole body and thyroid dose levels at the exclusion area boundary for the first two
hours following the onset of the accident. There have been significant advances in the
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understanding of fission product release from severe accidents since 1962. In 1995, the NRC
published NUREG - 1465, "Accident Source Terms for Light-Water Nuclear Power Plants" (2).
NUREG - 1465 introduced an Alternative Source Term (AST) which is a more realistic source
term based on two decades of severe accident analysis research (2). The methodology for using
the AST when evaluating maximum hypothetical accidents was introduced in 2000 by NRC
Guide 1.183, "Alternative Radiological Source Terms for Evaluating Design Basis Accidents at
Nuclear Power Reactors" (3). Reg. Guide 1.183 requires licenses to calculate the Total Effective
Dose Equivalent (TEDE) dose, which is comprised of the Committed Effective Dose Equivalent
(CEDE) from inhalation and the Deep Dose Equivalent (DDE) for immersion in a semi-infinite
cloud of nuclides (3). This methodology is the current standard for new analyses.
1.1.1 Previous Work
The original MIT reactor maximum hypothetical accident radiation release analysis was
conducted by Mull in 1983 (4). Mull calculated the dose from radiation release through building
leakage and through direct and scattered gamma radiation. He used a 47 isotope fission product
inventory and release fractions from WASH-1400 and other sources available at that time (4). In
1998, Li updated the Mull's work incorporating radiation release through the stack, build-up of
an Ar-41 source term in containment, and the release at power levels from 5MW through 10MW
(5). Li used the same set of 47 isotopes as Mull as well as the same saturation activity
methodology. Li based her work on NUREG - 1150, which was a safety analysis of five
reactors in response to the TMI accident. Her work represents the most recent study of radiation
release during a maximum hypothetical accident at the MITR, and her results, found in Table
1-1, will serve as comparison for the dose implications from the fuel conversion. She did not use
the AST, as the existing source terms from TID - 14844 are still acceptable for release
calculations. Since she used the TID - 14844 source term, she calculated the whole body and
thyroid dose rather than the TEDE levels.
Kennedy calculated the fission product and actinide inventory for the MITR with the
ORIGEN2 computer code in 2004. His analysis expanded the fission product inventory to 596
fission products and 41 actinides, which includes the 31 elements which comprise the AST. In
order to link the ORIGEN2 simulations to the MITR core, he used 17 substitute neutron reaction
cross-sections specific to the MITR core; however he primarily relied on existing cross-section
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libraries from PWR and BWR commercial reactors. Kennedy also made a preliminary
calculation of the fission product and actinide inventory for the new LEU fuel (6). Kennedy's
inventory serves as a benchmark for the analysis here, however this work utilizes different
methodology to link the simulations to the MITR core. Kennedy did not analyze the release paths
or the potential dose for the LEU fuel as that was beyond the scope of his work.
Table 1-1 - Dose from Li for HEU fuel operating at 6 MW (5)
Component of Dose Dose at 8 m [rem] Dose at 21 m [rem]
Whole body:
Containment Leakage 0.0166 0.0166
Steel Dome Penetration 0.00787 0.0607
Shadow Shield Penetration 0.0577 0.0277
Air Scattering 0.261 0.317
Steel Scattering 0.421 0.633
Total 0.764 1.06
Thyroid:
Containment Leakage 0.135 0.134
1.1.2 MITR LEU Conversion Project
In order to reduce the use of high enriched uranium (HEU) in the world, efforts to convert
research and test reactors to low enriched uranium (LEU) have existed since the 1970's. The
Reduced Enrichment for Research and Test Reactors (RERTR) Program was established in 1978
by the US Department of Energy, and its mission is to develop technology necessary to enable
the conversion of civilian facilities using HEU to LEU fuels (7). Thus far, over 40 research
reactors have been converted from HEU to LEU fuel across the globe. Argonne National
Laboratory has developed high-density, low-enrichment monolithic U-Mo fuel under the
RERTR program. This fuel will be used for the MITR conversion. The fuel has a total density
up to 17.5g/cm3 compared to the current density of 3.75g/cm 3. The U-238 content in the LEU
fuel is fifty times that of the current MITR fuel. Thus, the fission product and actinide inventory
available for release will vary from the inventory used by Li.
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1.2 Motivation and Scope of Work
This thesis updates the radiation dose to the public during a MHA at the MITR for both HEU
and LEU fueled cores. The major aspects of dose calculations are establishing the core
inventory, evaluating the release fractions from the fuel to containment, determining the strength
and resultant dose from the gamma source term inside containment, and calculating the release,
dispersion, and resultant dose from nuclides which escape containment to the environment.
The differences between this thesis and the previous work by Mull and Li include the core
inventory calculation, the fission product and actinide release fractions, the gamma source term,
and the dose methodology. The same dose paths will be used in this work as were used in the
previous work. These include the atmospheric release and dispersion methodology as well as the
direct and scattered gamma interactions with the containment shielding which lead to a gamma
dose at the exclusion area boundary.
The core inventory will be developed using the ORIGEN-S depletion module from SCALE.
6.0. The ORIGEN-S model will be linked to the MITR core via an early release of the COUPLE
code of SCALE 6.1, which we will refer to as COUPLE2. This will develop a neutron reaction
cross-section library for ORIGEN-S specific to the MITR spectrum.
The MITR spectrum is developed using MCODE, which couples an MCNP model of the
core to ORIGEN2. To link ORIGEN2 with the MCNP simulation, MCODE tallies one-group
cross sections in MCNP and uses them to update the default ORIGEN2 library. MCODE also
supplies ORIGEN2 with the power level for each time step (8). MCODE uses a predictor-
corrector method to calculate the end-of-step nuclide concentrations in the system. The burnup
depletion is calculated twice, first using the spectra corresponding to the isotope concentrations
at the start of the step and then, after a new spectra calculation, using the spectra at the end of the
time step. Average number densities from these two calculations are taken as the end-of-time
step material compositions (8). The spectrum used in this analysis comes from an equilibrium
core model of the MITR generated by MCODE.
The power level and bum-up conditions used in the ORIGEN-S simulations will also be
defined based on the operating parameters of the MITR. The release fractions will be updated in
line with current methodology and regulations, with a goal to make them specific to the plate-
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type fuel and the MIT reactor coolant system. Simulations will be run using a number of
different release fractions in order to determine the sensitivity of the dose levels to each
elemental release fraction.
Dose is administered via exposure to airborne nuclides as well as from direct and scattered
gamma radiation from the source term inside containment. Release from containment to the
atmosphere will be via the pressure release system through the stack, as well as through building
leakage from overpressure (5). Direct gamma radiation either penetrates through the steel
containment dome, or through the concrete and steel shadow shield on the sides of containment.
Gamma radiation is scattered off the steel containment dome and off the air. Finally, there will
be a dose component from radiation scattered through the reactor truck lock. The gamma source
term will be generated from the ORIGEN-S decay simulations of the isotopes within
containment, which significantly enhances the gamma source term used in previous analyses.
The atmospheric dispersion model will be calculated using both NRC Guide 1.145,
"Atmospheric Dispersion Models for Potential Accident Consequence Assessments at Nuclear
Power Plants," as well as the relevant Federal Guidance Reports which provide acceptable
conversion factors necessary for calculation of the CEDE and the DDE (3). The CEDE and the
DDE calculations incorporate dose coefficients which quantify the magnitude of harm from
exposure to a particular radionuclide, ensuring that the contributions from actinides are properly
accounted. In order to compare dose levels from LEU fuel to dose levels from HEU fuel,
simulations will also be run for an HEU core with the updated methodology. The radiation dose
will be calculated at the exclusion area boundary (EAB) defined by the site fence.
Dose will be calculated at a range of power levels, 5 MW, 6 MW, 7MW, and 8MW. In order
to achieve total flux levels in the experimental ports equivalent to before the conversion, the
thermal power of the LEU-fueled reactor must be increased by 17%. The MITR recently
received a license upgrade to operate the HEU core at 6 MW, thus dose levels will be primarily
calculated at 7 MW for the LEU fuel. The length of irradiation, or burnup, will also be varied in
order to determine its effect on the dose levels.
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1.3 Regulatory Limits and Guidance for Research Reactors
The NRC provides instruction for accident analysis in licensing applications for fuel
conversion projects at research reactors in NUREG-1537, "Guidelines for Preparing and
Reviewing Applications for the Licensing of Non-Power Reactors" (9):
e New or revised analytical procedures may be provided if the information
demonstrates that the conversion from HEU fuel could introduce new, unanalyzed
accidents, could cause significantly different consequences from a previously
postulated accident, or the previously used analytical methods are not appropriate to
compare the accidents with acceptable validity. If significantly different analytical
methods are used for the LEU-fueled reactor, they may have to be validated by
reanalyzing some HEU-fueled accidents.
* Projected dose rates and accumulative doses to members of the public in the
unrestricted area should not be significantly higher for the proposed LEU-fueled
reactor than for the existing HEU-fueled reactor and shall be within acceptable
limits.
The LEU fuel conversion does not introduce any new, unanalyzed accidents, nor would it
cause significantly different consequences from the previously postulated accident. Some of the
analytical methods have been updated for this analysis, thus the simulations here will also be run
for the HEU-fueled core.
The dose acceptance criteria used for research reactors is (9):
" For research reactors licensed before January 1, 1994, the doses that the staff has
generally found acceptable for accident analysis results are less that 5 rem whole
body and 30 rem thyroid for occupationally exposed persons and less than 0.5 rem
whole body and 3 rem thyroid for members of the public.
" For research reactors licensed on or after January 1, 1994, occupational exposure is
discussed in 10 CFR 20.1201 and public exposure is discussed in 10 CFR 20.1301.
" In several instances, the staff has accepted very conservative accident analysis with
results greater than the 10 CFR Part 20 dose limits (9).
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10 CFR Part 20.1301 lists the annual dose limits for the public from normal operation of a
reactor. The specific value cited is 0.1 rem TEDE, however it also mentions a larger limit of 0.5
rem if the licensee can provide reason for the increased dose limit (10). The 0.5 rem TEDE also
corresponds directly to the 0.5 rem whole body limit cited from NUREG-1537 (9). The TEDE
levels will be calculated for a two-hour period at the EAB.
The exclusion area boundary is defined by the fence surrounding the MITR containment
building, which is the same boundary used by Mull and Li in the past. The boundary is divided
into 16 sectors of 45 degrees each, centered on each cardinal wind direction. The minimum
distance between the reactor containment structure and the EAB for each sector is given in Table
1-2. Figure 1-1 shows an aerial view of the MITR exclusion area boundary.
In the previous work the dose was calculated at the closest points of approach at the front and
back fence of the exclusion area. The minimum distance from the MITR containment building
to the back fence bordering the railroad tracks is 8 m, and the minimum distance from the MITR
containment building to the front fence bordering Albany Street is 21 m (5). The dose will be
calculated primarily at these points in this analysis. Figure 1-1 shows the location of these points
on the exclusion area boundary.
Since the M1TR is located in an urban region, there is no prescribed distance to the low
population zone boundary which is defined for most other sites, thus the primary focus of this
work is calculating the dose at the site boundary.
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Table 1-2 - Exclusion area boundary distance from containment
Sector Direction Minimum EAB Distance [m]
N 20.6
NNE 22.1
NE 18.7
ENE 18.7
E 17.1
ESE 10.3
SE 8
SSE 8
S 8
SSW 9.53
SW 13.0
WSW 24.0
W 24.0
WNW 24.8
NW 21.0
NNW 20.6
22
Front Fence Location, 21 m
Figure 1-1 - Map of MITR location on campus and exclusion area boundary
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1.4 Organization of Report
Chapter 1 provides the background for the calculations as well as the underlying dose
definitions and NRC regulations. The bulk of this report covers the methodology used to
calculate the dose from the accident, as well as the formulation of the various assumptions which
define the analysis. Chapters 2 through Chapter 4 cover this information.
Chapter 2 defines the construction of the simulation model for developing the core inventory,
and analyzes the behavior and sequence of the events which result in radiation release from the
core to containment.
Chapter 3 defines the radiation release to the environment through containment leakage and
pressure relief. The release pathways are defined first, followed by the atmospheric dispersion
models used to find the ground level concentrations. Finally, the dose calculations are defined
based on these models.
Chapter 4 defines the dose from the gamma radiation from the containment source term.
First, the containment source term is developed using the output data from ORIGEN-S. This
source term is input into the gamma dose equations used in the previous work.
Chapters 2 - 4 contain dose values from a base case of the simulations. The base case is a
simulation of an LEU core operating at 7 MW for 4200 MWD with release fractions from
Regulatory Guide 1.183. This scenario was selected since the release fractions in Reg. Guide
1.183 contain all 31 elements of the alternative source term.
Chapter 5 contains the results and dose levels found from each set of simulations. A number
of different parameters are evaluated. These include the effect of power level, burnup, and
release fractions on overall dose as well as a comparison between HEU and LEU fuel models
under the various scenarios. A comparison is also made with the previous work and the NRC
regulatory values.
Chapter 6 provides a summary of the major results as well as suggestions for future work.
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2 Development of Containment Source Term
2.1 Generation of Core Inventory
The core inventory was generated with the ORIGEN-S depletion code running simulations
representative to the conditions in the MITR core. First, a neutron reaction cross-section library
was developed using the SCALE 6.1 module COUPLE2 to update a 238-group library with the
flux spectrum from the MCODE model of the MITR core. This library was then used in
ORIGEN-S simulations which modeled the MITR power level over an extended irradiation
period for a conservative inventory estimate. At the end of the irradiation period, the ORIGEN-S
output data was used as the accident source term for the dose calculations.
2.1.1 ORIGEN-S Program Structure and Methodology
ORIGEN-S is a depletion and decay computer code developed by Oak Ridge National
Laboratory to model nuclear systems. The code computes time-dependent nuclide
concentrations based on simultaneous generation, depletion, and decay. ORIGEN-S models the
time rate of change of the concentration of a particular nuclide with the Bateman equation (11):
dN.
= - Y,Nf jNj #+qlN_#+ N -o-,,,N,# -oqN,#-N, 2-1dt
where i= 1,2.....l and:
yj pfjN # 0 is the yield rate of N due to fission of all nuclides N
a~Njs#0 is the rate of transmutation into N due to radiative neutron capture by nuclide Ni,1
Ni is the rate of formation of N due to the radioactive decay of nuclides N
0fN,# is the destruction rate of N, due to fission
o-c,,N,# is the destruction rate of N, due to all forms of neutron absorption other than
fission (n,y, n, a, n,p, n,2n, n,3n)
, is the radioactive decay rate of N (11)
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ORIGEN-S is the most recent version of the ORIGEN program integrated in the SCALE
system, and it has several improvements over the prior versions of ORIGEN. The original
version of ORIGEN was designed as a standalone program. It used cross-section libraries
developed for typical LWRs. ORIGEN2 had a larger selection of default cross-section libraries
to use, however the calculations required that the fuel types and neutronics used in the
simulations were similar to conditions used to develop the cross-section libraries. ORIGEN-S is
a module which operates within SCALE, and it was intended to be used as one of a series of
codes in coupled neutronics and depletion analysis. ORIGEN-S has free-form input processing
and is able to utilize fluxes and cross-sections in any multi-group energy structure. The code
COUPLE2 is used to update ORIGEN-S libraries using the 238-group base library with spectrum
weighting factors obtained from a transport calculation (12). Once a cross-section library is
generated, ORIGEN-S can be used as a standalone program (11).
ORIGEN-S makes a number of assumptions when running its calculations. The first major
assumption is that all nuclides are distributed homogeneously in the fuel. The second
assumption is that either the flux or power level is maintained constant throughout the irradiation
period. It is possible to divide the irradiation period into smaller segments and specify different
flux or power levels at each step. ORIGEN-S can also be used for decay calculations by setting
the flux or power level to 0. Finally, ORIGEN-S assumes that the flux levels are constant
throughout the entire sample (11).
ORIGEN-S outputs lengthy text files with nuclide concentrations for hundreds of nuclides.
In order to process the data, the values must be input into another program such at MATLAB for
analysis. The user is able to define which data is printed to the output file.
2.1.2 MITR Input Models
The ORIGEN-S input parameters used to model the MITR core included the neutron cross-
section library, the initial fuel concentrations, the power level, the irradiation history, the gamma
energy group structures, and the decay intervals for the accident analysis.
The SCALE module COUPLE2 was used to create cross-section libraries specific to both the
LEU and HEU versions of the MITR core. The base library used was from the JEFF 3.0/A data
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set. This library is formatted with the SCALE built-in 238-group neutron energy structure
ranging from 1E-5 eV to 20 MeV. The flux spectrum represented core-averaged values for an
equilibrium core from the MCODE simulations. The equilibrium core was based on the current
refueling scheme which involves cycling fuel elements through 7 positions in the core as burnup
increases. The core averaged values were calculated with the flux levels in every plate in all 238
energy bins. The MCODE calculations were done by Horelik for both the HEU and LEU-fueled
cores (13). COUPLE2 updated every reaction cross-section in the existing JEFF 3.0/A library
with this flux spectrum. The COUPLE2 input files are shown in Appendix B.
The nuclide concentrations from a fresh 22-element core were used for the simulations. The
aluminum cladding material masses were included in the simulations. Due to aluminum's low
mass number, the cladding material should have little effect on the core fission product
inventory. Table 2-1 shows the nuclide concentrations for fresh LEU and HEU cores.
Table 2-1 - Input masses for LEU and HEU fresh 22 element core (fuel and cladding)
Nuclide LEU mass full core [kg) HEU mass full core [kg]
U-235 19.60 11.50
U-238 79.50 0.85
Al 24.87 42.85
Mo 9.90 0
The most significant difference between the current fuel concentrations and those used by
Kennedy in 2004 are the masses of uranium in the LEU fuel. The best-estimate of the proposed
LEU-core used by Kennedy had 12.40 kg of U-235 and 49.7 kg of U-238, while maintaining the
20% enrichment value (6).
The operating power used in accident calculations is required by the NRC to be the nominal
operating power multiplied by the engineering uncertainty factor, which for the MITR is 1.05
(3)(14). Table 2-2 shows the power levels used in the simulations. The power levels referenced
later in this report are the nominal values, while the simulations used the engineering uncertainty
power levels.
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Table 2-2 - Power level with engineering uncertainty
5 5.25
6 6.30
7 7.35
8 8.40
NRC regulations require that the length of irradiation assumed prior to an accident
corresponds to maximum burnup values, or until a maximum core inventory is established (3).
Kennedy used an irradiation period of approximately 4000 MWD. At a power level of 6 MW,
this represents continuous operation for over 600 days. Current operation of the MITR typically
lasts 4 weeks with shutdowns of approximately 5 days. Thus, constant irradiation for 2 years is a
very conservative assumption. In order to normalize the results from operation at different
power levels, the length of irradiation used will be 4200 MWD. Simulations will also be run for
1050 MWD, 2100 MWD, and 3150 MWD in order to evaluate the effect of burnup on the core
inventories. The format of the ORIGEN-S output files allow for 20 irradiation intervals during a
simulation, which were divided equally over the irradiation period. Table 2-3 gives a summary
of the irradiation periods used.
Table 2-3 - Length of irradiation for different power levels
Nominal Power Power used in Length of Length of
[MWI Simulations [MW] Irradiation [days] Irradiation [MWD]
5 5.25 800 4200
6 6.30 667 4202
7 7.35 571 4197
8 8.40 500 4200
The decay intervals were used to yield nuclide concentrations over the length of the accident.
The NRC regulations define dose limits based on the maximum dose levels for any two hour
period during an accident. Due to the simultaneous release assumption discussed in Section 2.3,
the highest nuclide concentrations and resultant dose levels will be during the first two hours of
the accident. Thus, the nuclide activities were calculated in 10 minute intervals for the first two
hours of the accident. This yields high resolution for the period where the short lives isotopes
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contribute significantly to the dose levels. Nuclide concentrations were also calculated in larger
time intervals following the initial two hours, with calculations extending to 9 hours after the
onset of the accident.
The gamma energy group structures were defined according to Section 4.3. This yields a
gamma source term used in Chapter 4.
Complete input files are listed in Appendix B.
2.1.3 Model Benchmarking and Validation
This analysis is the first instance of modeling the MITR core with ORIGEN-S, thus it is
important to compare the core inventories from these results with the previous work. The first
comparison was to Kennedy's work from 2004. Kennedy linked his simulations to the M1TR by
updating a PWR or BWR cross-section library with substitute cross sections for 17 actinides for
both the LEU and HEU core. These substitute cross-sections were found from MNCP
calculations from a fresh LEU or HEU core (6). A second comparison uses an existing
ORIGEN-S mid burnup PWR cross section library supplied with the software. The PWR cross-
section library represents fuel with a bumup of 33 GWD / MTU. The burnup used in this work
was 42 GWD/MTU for LEU fuel. The final comparison was with Li's saturation activities
calculated for HEU fuel. The benchmark ORIGEN-S simulations were run using Kennedy's
irradiation period and power level, 6 MW, rather than the engineering uncertainty power level,
6.3 MW for comparative purposes. Common fission products were selected for points of
comparison.
29
Table 2-4 - Benchmark data and activities
Fuel Type LEU HEU
Cross-
section MIT Kennedy MIT Kennedy
library LEU PWR LEU Li HEU PWR HEU
Power
Level
[MW] 6 6 6 6 6 6 6
Total
MWD 4032 4032 4032 3864 3864 3864
Initial
U235 (g) 19600 19600 12400 11500 11500 12132
Final
U235 (g) 15110 14470 7477 6471 6415 7205
U-235 %
Burnup 22.9 26.2 39.7 43.7 44.2 40.6
Activities
[Ci]
1-131 1.55E+05 1.49E+05 1.46E+05 1.50E+05 1.47E+05 1.47E+05 1.43E+05
Kr-85m 5.81E+04 6.27E+04 6.31E+04 7.79E+04 6.76E+04 6.42E+04 6.33E+04
Nd-147 1.10E+05 1.15E+05 1.14E+05 1.34E+05 1.13E+05 1.15E+05 1.14E+05
Xe-138 3.03E+05 3.18E+05 3.11E+05 2.86E+05 3.18E+05 3.19E+05 3.11E+05
Pu-239 2.04E+03 2.84E+02 1.24E+01 I 3.33E+01 4.36E+00 2.39E-01
The results from ORIGEN-S simulations using the MIT HEU cross-section library match
closely with Kennedy's findings. The ORIGEN-S simulation using the MIT HEU cross-section
library yielded results within 3% for three isotopes and within 7% for Kr-85m. The ORIGEN-S
simulation using the PWR cross-section library yielded results within 3% of Kennedy's values.
The U-235 burnup levels for both the PWR cross-section library and the MIT HEU library are
higher than Kennedy's results due to a 5.5% lower initial U-235 concentration and equivalent
MWD of operation.
The results for LEU fuel simulations using the PWR and the MIT LEU cross-section libraries
have a lower U-235 burnup compared to Kennedy's results due to different U-235 input
concentrations. An ORIGEN-S simulation using Kennedy's LEU fuel input concentrations and
the PWR cross-section library had an end-of-cycle U-235 burnup of 40.6%, which matches
Kennedy's result within 2.3%. There is a 13% difference between the U-235 burnup from the
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simulation using the MIT LEU cross-section library and the simulation using the PWR cross
section library. The harder spectrum for the MIT LEU core yielded close to an order of
magnitude more Pu-239 than the ORIGEN-S simulations with the PWR cross-section library,
and two orders of magnitude more than Kennedy's simulations. The ORIGEN-S PWR cross-
section library represents mid-burnup fuel while Kennedy used replacement actinide cross-
sections for fresh fuel, which accounts for the Pu-239 concentration differences between those
simulations. The larger concentration of Pu-239 in the MITR LEU simulation decreased the
consumption of U-235.
2.2 Melted Fuel Fraction
The postulated accident scenario involves only a small portion of the core melting during the
accident. A fully loaded HEU core has 22 elements with 15 plates each. Four plates in the
hottest region of the reactor were assumed to melt. The LEU core will also have 22 fuel
elements; however each element will contain 18 plates rather than 15. The fuel element occupies
the same are resulting in closer spacing between the fuel plates. This closer spacing leads to 5
plates becoming blocked during the accident rather than 4. For accidents which do not involve
the entire core, the NRC regulations specify that the fraction of the inventory released is equal to
the fraction of the effected plates times the radial peaking factor (3). The radial peaking factor
for the HEU core was 1.45 which was used in previous work (5). The radial peaking factor for
the LEU core was calculated by finding the group of 5 adjacent plates whose average power was
the greatest. This average power was compared to the average power of all the plates in the core
to yield the peaking factor. This value was 1.50 for the LEU core (14). The overall fractions of
the entire core inventories assumed to melt are expressed in Equations 2-2 and 2-3, for HEU and
LEU respectively.
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FsHEU =_ (4plates)(1.45) = 0.0176
' (15plates / element)(22elements) 2-2
(5plates)(1.50)
Fs avU = -- = 0.0189
'U (18plates I element)(22elements) 2-3
2.3 Release Fractions
Release fractions reflect the portion of a particular nuclide which leaves the fuel and enters
either the coolant or containment. In order to maintain consistency with the previous work, a
multi-step release from fuel to coolant and from coolant to containment was considered. The
fuel to coolant release fractions used by Li were updated in line with release fraction data found
from plate-type fuel melt tests. The coolant to containment release fractions were considered
from the MIT Safety Analysis Report (SAR) which came after Li's work. Release fractions from
NRC power reactor Regulatory Guides were also used and adapted to reflect accident conditions
at the MITR. The NRC has two sets of release fractions, those reported in Regulatory Guide
1.195 used to find the whole body and thyroid dose, and those reported in Regulatory Guide
1.183 which correspond to the TEDE. The release fractions used by Li in her analysis were used
as a means to assess the accuracy of her saturation activity assumption. Finally, 100% release
fractions were used for academic considerations.
For accident analyses elements are grouped on the basis of similarity in chemical behavior.
The groupings used in this work are from NUREG-1465, shown in Table 2-5.
Table 2-5 - Radionuclide groups from NUREG-1465 (2)
Group Title Elements in Group
Noble Gases Xe, Kr
Halogens I, Br
Alkali Metals Cs, Rb
Tellurium Group Te, Sb, Se
Barium, Strontium Ba, Sr
Noble Metals Ru, Rh, Pd, Mo, Tc, Co
Lanthanides La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y, Cm, Am
Cerium Group Ce, Pu, Np
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2.3.1 Release from Fuel to Reactor Coolant
The fuel to coolant release fractions used by Li were derived from LWR, uranium oxide pin-
type fuel. This work updated Li's values with experimental findings from plate-type fuel melt
tests. Taleyarkhan considers experimental data from melt tests at HEDL, ORNL, and JAERI
(15). These studies focused on release of noble gasses and volatile fission products including
iodine, cesium, and tellurium. A number of general trends were extracted from the experimental
data (15):
" oxidizing environments greatly enhance the release of iodine, cesium, and tellurium
e release amounts generally increased with fuel burnup
" the rate of release varied substantially with time and temperature
" significant fission product retention in the fuel matrix was observed at temperatures well
above the boiling points of individual species
e smaller amounts of volatile fission products are released from dispersion fuels than from
alloy fuel
The work of Shibata et al at ORNL was focused on in determining the temperatures for the
onset of noble gas release. Shibata found that the first release of noble gases occurred upon the
initiation of fuel blistering at 560 *C, with 100% release values occurring at 700 *C (16). The
release fractions for iodine and cesium were less than 0.1% at these temperatures (16).
The experiments citied by Taleyarkhan which most closely represent the MITR fuel under
accident scenarios are the tests by Woodley et al at HEDL, and by Parker et al at ORNL (15).
The HEDL data is from UA14 alloy fuel burned up to 52 wt% U-235 melted in a steam-air
environment. The ORNL data is for 93% enriched UA14 alloy burned up to 23 wt% U-235,
melted in an air-steam environment. Table 2-6 shows their results for release fractions as a
function of temperature.
33
Table 2-6 - Fission product release from U-Al type fuels (17)(18)
ORNL 700 2 Steam-air 98.3 27.0 <0.03 0.6 <0.02
HEDL 700 2.5 Steam-air 24.9 20.6
ORNL 800 2 Steam-air 99.5 76.8 0.3 1.1 0.1
ORNL 900 2 Steam-air 99.9 90.6 5.7 6.5 0.5
ORNL 1000 2 Steam-air 100 95.6 22.6 11.0 0.5
ORNL 1085 2 Steam-air 100 96.8 67.9 30.5 0.8
HEDL 1100 2.5 Steam-air 95.6 72.2
The data presented in Table 2-6 was used to update Li's values shown in the middle column
of Table 2-7. There has been no analysis completed to predict the temperature of the melted
fuel, thus the maximum reported values were used. Taleyarkhan noted that the releases were
likely threshold reactions rather than linear dependencies with temperature. The threshold
reaction occurs when the pressure of the fission product gases in the fuel matrix exceeds the
retention capacity of the voids in the fuel, causing the voids to grow and eventually burst and
release fission products from the fuel to the surrounding environment (15).
The noble gases maintained a 100% release fraction from fuel to the RCS. Iodine also
maintained a 90% release fraction based on Li's findings that about 10% of the iodine can be
retained by the formation of chemical species that are stable at high temperatures (5). The
release fraction for cesium was reduced from 90% to 75% from the experimental results.
Tellurium was increased to 70% from 23% corresponding to the large release between 1000 *C
and 1085 'C found by Parker (17). The release fraction for ruthenium was maintained at 1%.
The remaining release fractions from Li were used as representative for their corresponding
element groups established by Regulatory Guide 1.183. Table 2-7 gives the final release
fractions for the plate-type fuel.
34
Table 2-7 - Fuel to coolant release fractions (5)(19)
Element Group Fr(Li) Fr (plate)
Noble Gases 1.0 1.0
Halogens 0.9 0.9
Alkali Metals (Cs) 0.9 0.75
Tellurium group 0.23 0.70
Barium, strontium 0.01 0.01
Noble Metals (Ru) 0.01 0.01
Lanthanides 0.0001 0.0001
Cerium group 0.0001 0.0001
2.3.2 Release from Reactor Coolant to Containment
The release fraction from coolant to containment is governed by RCS retention as well as
evaporation of the coolant from the pool to the containment atmosphere. Li's RCS retention
values were based on experiments in support of the NRC's TRAP-MELT code (5). She selected
a 30% release for all fission products (5).
The current MITR SAR, which came after Li's work, defines the coolant to containment
release fraction based on an evaporation calculation of coolant from the reactor pool (19). The
MITR's MHA does not involve a primary coolant system failure; however the system is not leak
tight so the noble gasses and other volatile fission products could escape. The evaporation
calculation used by the SAR shows that under conditions most conducive to evaporation, without
the primary shield lid on the core tank, only 0.3% of primary coolant would evaporate into the
containment atmosphere. The SAR selects a conservative value of 10 times the calculated value,
3% release for fission products, and 100% release for the noble gases (19). The MIT SAR
coolant to containment release fractions are the current standard which was accepted by the
NRC. Those values were used again in this analysis since there have been no changes in the core
tank since the last work. Table 2-8 summarizes the coolant to containment release fractions, Fp,
used by Li and the SAR.
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Table 2-8 - Coolant to containment release fractions (5)(19)
Element F,(Li) F, (SAR)
Noble Gases 1.0 1.0
Halogens 0.3 0.03
Alkali Metals (Cs) 0.3 0.03
Tellurium group 0.3 0.03
Barium, strontium 0.3 0.03
Noble Metals (Ru) 0.3 0.03
Lanthanides 0.3 0.03
Cerium group 0.3 0.03
2.3.3 NRC regulatory values
The NRC has two sets of release fractions for accident analysis for power reactors. These
sets are based on computing either the whole body and thyroid dose or the TEDE as discussed in
Section 1.3. The release fractions provided by NRC Regulatory Guide 1.195 for the whole body
and thyroid dose are for 3 elements, Kr, Xe, and 1 (20). Regulatory Guide 1.183 which governs
the TEDE formulation includes release fractions for the 31 elements listed in Table 2-5,
consisting of 27 fission products and 4 actinides (3). A comparison of the release fractions is
shown in Table 2-9. While Regulatory Guide 1.183 includes 31 elements, the release fraction for
iodine is 40% versus 50% in Regulatory Guide 1.195. Thus Regulatory Guide 1.195 includes a
more conservative treatment of iodine while neglecting the contributions of the other elements.
Regulatory Guide 1.183 release fractions include the actinides which should reflect some of the
differences between HEU and LEU fuel.
The regulatory guide release fractions were based on a design basis LOCA for a PWR, which
uses pin-type fuel. The PWR release phases consist of a gap phase and an in-vessel phase. The
gap phase is defined as the 30 minutes following the onset of the accident, where the cladding
around the fuel pins was assumed become brittle and crack, allowing the noble gases and the
volatile fission products contained by the cladding to be released into the reactor coolant system
and then to containment through the pipe break. The in-vessel release phase represents when the
fuel was postulated to melt, but remain in its local geometry which would occur between 30
minutes until 2 hours from the onset of the accident (3).
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While the MITR's plate-type fuel does not have a gap as the PWR pin-type fuel does, there
would still be early release through cladding blistering before the onset of fuel melt. Due to the
low temperature of the MITR, it was also assumed that there would be no ex-vessel release phase
where the molten core material is assumed to melt through the reactor vessel (5). The
conservative assumption was made that there is a simultaneous release at the onset of the
accident, and that the entire in-vessel release fraction was available immediately. Regulatory
Guide 1.183 allows for a ramp release over the duration of the release phases (3), however due to
the small thermal inertia of the MITR the instantaneous fuel melting assumption was made.
The nature of the most credible PWR design basis LOCA makes the NRC Regulatory Guide
release fractions conservative for the MITR. The PWR design basis LOCA involves a double
guillotine break in the main feed water line, resulting in a blowdown of primary coolant to
containment (2). In this case, fission products released to the coolant have a direct path from the
melted fuel to containment. In the case of the MITR MHA, there is no loss of coolant or
blowdown of coolant directly to containment. This indicates that the release fractions should
incorporate the coolant to containment release fraction calculated in Section 2.3.2 for the MITR.
Additional simulations were run with the inclusion of the coolant to containment fraction in
series with the release fractions provided by the regulatory guides.
Table 2-9 - Fuel to containment release fractions for PWR accidents (3)(20)
Element FR, Reg. Gd. 1.183 FT, Reg. Gd. 1.195
Noble Gases 1.0 1.0
Halogens 0.4 0.50 (I only)
Alkali Metals (Cs) 0.3 0
Tellurium group 0.05 0
Barium, strontium 0.02 0
Noble Metals (Ru) 0.0025 0
Lanthanides 0.0002 0
Cerium group 0.0005 0
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2.3.4 Summary of the Release Fractions
The fuel to containment release fractions are the product of the fuel to coolant and the
coolant to containment fractions:
F =Ff -F, 2-4
Table 2-10 gives the values for FR for each set of release fraction used in the analysis. The
column with Li's data uses her values for both F, and Ff. The next two columns provide the data
from Reg. Gd. 1.183 and 1.195 for fuel to coolant release fractions from a PWR design basis
accident LOCA. The following two columns list the values for FR as a product of the Reg.
Guide values and the MIT SAR value for F, given in Table 2-8. The second to last column
provides the plate-type fuel release fractions with the values for Ff from Table 2-7 and the MIT
SAR values for F from Table 2-8. The final column represents 100% release for all nuclides in
the analysis.
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Table 2-10 - Summary of fuel to containment release fractions
Reg. Gd. Reg. Gd. Reg. Gd. Reg. Gd.
Element Li 1.183 1.195 1.183-SAR 1.195-SAR Plate 100%
Xe 1 1 1 1 1 1 1
Kr 1 1 1 1 1 1 1
I 0.27 0.4 0.5 0.012 0.015 0.027 1
Br 0.27 0.4 0 0.012 0 0.027 1
Cs 0.27 0.3 0 0.009 0 0.0225 1
Rb 0.27 0.3 0 0.009 0 0.0225 1
Te 0.207 0.05 0 0.0015 0 0.021 1
Sb 0.207 0.05 0 0.0015 0 0.021 1
Se 0.207 0.05 0 0.0015 0 0.021 1
Ba 0.003 0.02 0 0.0006 0 0.0003 1
Sr 0.003 0.02 0 0.0006 0 0.0003 1
Ru 0.003 0.0025 0 0.000075 0 0.0003 1
Rh 0.003 0.0025 0 0.000075 0 0.0003 1
Pd 0.003 0.0025 0 0.000075 0 0.0003 1
Mo 0.003 0.0025 0 0.000075 0 0.0003 1
Tc 0.003 0.0025 0 0.000075 0 0.0003 1
La 0.00003 0.0002 0 0.000006 0 0.000003 1
Zr 0.00003 0.0002 0 0.000006 0 0.000003 1
Nd 0.00003 0.0002 0 0.000006 0 0.000003 1
Eu 0.00003 0.0002 0 0.000006 0 0.000003 1
Nb 0.00003 0.0002 0 0.000006 0 0.000003 1
Pm 0.00003 0.0002 0 0.000006 0 0.000003 1
Pr 0.00003 0.0002 0 0.000006 0 0.000003 1
Sm 0.00003 0.0002 0 0.000006 0 0.000003 1
Y 0.00003 0.0002 0 0.000006 0 0.000003 1
Cm 0.00003 0.0002 0 0.000006 0 0.000003 1
Am 0.00003 0.0002 0 0.000006 0 0.000003 1
Ce 0.00003 0.0005 0 0.000015 0 0.000003 1
Pu 0.00003 0.0005 0 0.000015 0 0.000003 1
Np 0.00003 0.0005 0 0.000015 0 0.000003 1
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2.4 Natural Depletion in Containment
The fraction of nuclides which remain airborne inside containment over the length of the
accident depends on natural removal processes. The MITR has no containment sprays or other
engineered safety features to reduce the concentration of fission products in the containment
atmosphere. The natural removal processes include agglomeration, sedimentation,
hygroscopicity and diffusiophoresis (5). Agglomeration is the process by which smaller airborne
particles tend to collide and form larger particles over-time. Sedimentation is the natural settling
of particles due to gravity effects. Hygroscopicity is the removal process due to affinity of the
released product to water. Diffusiophoresis occurs when steam condenses on a surface, and the
aerosols which migrate with the vapor moving to the surface will be deposited. The noble gases
are not expected to undergo any of these processes and would remain airborne throughout the
accident (5).
2.4.1 Previous Work
Li used natural depletion values obtained from the Advanced Reactor Severe Accident
Program Source Term Group which found that the mass of aerosols during a simulated BWR
accident dropped by 99% within 10,000 sec of the accident onset. From this, Li assumed 70%
depletion for iodine and cesium, and 10% depletion for all other nuclides, excluding noble gases,
over the two hour period (5). Li assumed the fraction of nuclides which do not remain airborne
settle at the onset of the accident (5).
2.4.2 Simplified Model of Aerosol Removal
The NRC instructs power reactors to use "A Simplified Model of Aerosol Removal by
Natural Processes in Reactor Containments" developed by Sandia National Laboratories for
natural depletion calculations(3). This model gives natural depletion predictions for PWRs,
BWRs, and advanced light-water reactors at a variety of power levels. The model groups
nuclides according to the release phase where they escape to containment - gap, early in-vessel,
late in-vessel, and ex-vessel phases. The general structure of the decontamination coefficient
formula is given as a product of exponentials, shown in Equation 2-5 (21):
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k-I
DF. (t) =-exp [+A. (ti, ti 1 )At] exp [+A, (tktN+1)At] 2-5
where the value of A, changes as the phase of the accident progresses (21).
In order to determine the most appropriate model to use for the MITR MHA, the most
significant parameters differentiating the models were identified. The MITR accident is assumed
to have both gap and early in vessel release phases occurring instantaneously at the onset of the
accident. The simplified model was defined for a ramp-type release, where the release fraction
increases from 0 to the stated value over a finite time interval. Thus, the decontamination
coefficients were taken starting at the end of the early in-vessel release phase, which is taken at
6480 sec or 1.8 hr after the onset of the accident (21).
The advanced light water reactor model only has the gap and early in-vessel release phases,
thus it was used to predict the decontamination for the MITR. The lowest power level used in
this model was 1000 MW. The MITR is significantly smaller than the reactors modeled, with
very small changes in containment pressure and temperature over the course of the accident
relative to the changes in a PWR.
The airborne nuclide concentration in the MITR containment was calculated using the mass
of the fission products released to containment. For a simulation using LEU fuel operating at 7
MW with Reg. Guide 1.183 release fractions, at the onset of the accident a total of 16.5 g of
fission products would be released from the core and suspended in the containment air.
Dividing this mass by the containment volume, 4730 m3 , gave a concentration of 0.0035 g/m 3.
The concentrations listed in the simplified model report were on the order of 0.1 g/m 3 for a 3000
MW PWR (21). Lower concentrations in containment were found to decrease the rate of
agglomeration and settling, thus these models are likely to over predict the decontamination
magnitude (21). This is a conservative assumption as the dose levels are dominated by the
gamma source term inside containment rather than the external dose from the plume released via
the stack. The nuclides which are removed from the containment atmosphere would not be
available for release, and thus contribute to the gamma source term. This is a unique condition
for the MITR as most power reactors focus on the radiation release rather than the gamma source
term within containment.
41
The reasonable lower bound, 101h percentile, decontamination coefficients for a radiological
design basis accident at a 1000 MW advanced light water reactor were selected as the best
representation of the MITR. The decontamination coefficient for the period following the early
in-vessel release phase was selected due to the instantaneous release assumption for the MITR
MHA. The mean decontamination coefficient for this condition is 0.0541 hr-' (21). Equation 2-
6 shows the fraction of nuclides still airborne within containment as a function of time. Table
2-11 shows the values of Fe as a function of time.
Fe (t) = e ' = exp[-0.0541. t] 2-6
exp [A. -t]
Table 2-11 - Fraction of fission products which remain airborne in containment over time, excluding noble
gases
Time from Onset Fe(t)
of Accident [hr]
0 1
0.5 0.973
1 0.947
2 0.897
4 0.805
This result matches the two-hour value of 90% Li used for all nuclides except for iodine and
cesium, where she assumed a value of 30%. The extent of natural depletion for iodine and
cesium is smaller than Li's assumption as her values came from results from a BWR study,
which would have involved significantly higher temperatures, humidity levels, pressures, and
concentrations than the values found in the MITR. For reference, the mean values given by the
simplified model for a 3500 MW BWR results in 80% natural depletion over 2 hours which is
comparable to her assumption of 70% for iodine and cesium. Her assumption for iodine and
cesium was overly conservative in estimating the gamma source term, and less conservative in
estimating the radiation release through the stack and through containment leakage.
2.5 Time Evolution of Containment Source Term
The strength of the source term will decrease over the length of the accident due to decay.
The decay capabilities of ORIGEN-S allow the development of a time-dependent containment
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source term. ORIGEN-S gives nuclide concentrations over time for decay following the onset of
the accident. The instantaneous release assumption dictates that the effected fuel plates melt
immediately at the onset of the accident, and the entire release fraction for each nuclide is
available at that time. In reality, there will be some time delay as the plates heat up and then
melt, and the total release fraction amount is likely to increase over some length of time. This
would allow for the short lived isotopes to decay before they are released to containment.
Currently there have not been calculations made to determine the time evolution of the MITR
MHA, thus the instantaneous release assumption was used.
The in-vessel release phase is postulated to occur for two hours, thus the core inventory was
decayed in 10 minute intervals over the first 120 minutes of the accident. At each time step, it
was assumed that the entire release fraction of that particular nuclide was available to
containment. At two hours, the inventory in containment was re-entered into ORIGEN-S to be
decayed again over longer time intervals. The time intervals were selected to have data up
through 9 hours after the onset of the accident. These results were used to find the dose levels
over longer periods of time.
2.6 Resulting Containment Source Term
The total activity released from the core for a base case is shown in Figure 2-1. The base
case was a 7MW LEU simulation run for 4200 MWD of irradiation, with release fractions from
Regulatory Guide 1.183. This figure is intended to show the behavior of the decay of the total
source term over the length of the accident. This figure does not show the effect of natural
depletion or the effect of release from containment, which is covered in Section 3.2.
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Figure 2-1 - Total activity released from core over length of accident
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3 Atmospheric Dose
3.1 Introduction
Any nuclides released from containment during the accident would contribute to the public
dose at the exclusion area boundary and at locations further away from the reactor. This analysis
focused on the release through two pathways, containment leakage and pressure relief venting
through the stack. The dose from exposure to airborne nuclides depends on the ground level
concentration, the nuclide release rate, and dose conversion factors corresponding to the nuclides
in the radiation cloud.
The nuclide release rate is governed by the air volumetric flow rate from containment and the
nuclide concentrations suspended in the containment air. The volumetric flow rates from
containment were the same values used in the previous work, shown in Section 3.2. The
airborne nuclide concentration in containment used a different formulation than was used in the
past. The calculations varied based on a time-dependent natural depletion value calculated in
Section 2.4, as well as the discrete ORIGEN-S nuclide concentrations over the decay period.
The atmospheric dispersion models used to find the ground-level nuclide concentrations were
taken from the previous work. The methodology presented in Sections 3.3 and 3.4 was
previously used by Li and the same formulations and assumptions were used in this analysis.
The dispersion models used were different for the elevated stack release and the ground-level
containment leakage release as dictated by NRC Regulatory Guide 1.145 (22).
The dose coefficients were found from tables defined by the NRC. The coefficients used
depend on whether the whole body dose, thyroid dose, CEDE, or DDE are being calculated. The
thyroid dose and the CEDE are internal doses from inhalation of airborne nuclides, thus
breathing rates were used to calculate those doses. The TEDE dose coefficients and overall
formulations are specified in Section 3.5 while the whole body and thyroid doses are defined in
Section 3.6.
Sections 3.7 and 3.8 give the dose values calculated for a base case. These sections show
detailed dose implications and trends which aren't included in the general results summary in
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Chapter 5. The base case was a 7 MW LEU simulation irradiated for 4200 MWD, using release
fractions from Reg. Guide 1.183.
3.2 Nucide Exit Rate from Containment
Dose calculations from exposure to airborne nuclides require the pollutant exit rate from
containment in units of Ci/s. The pollutant exit rate of nuclide i, QR'(t), is defined by Equation
3-1:
QRi (t L - i(t3-
where:
AL: volumetric air leakage rate from containment [m3/s]
Cift): airborne concentration inside containment of nuclide i at time t [Ci/n 3]
As mentioned in Section 3.1, airborne nuclides could escape containment during the MHA
through two pathways, first through containment building leakage through a hypothetical crack
or building seal failure, or through containment pressure relief using the pressure relief system
(5). In order to calculate the values for QR'(t) through each pathway, first the volumetric air flow
rates were defined, and then the flow rates were used to calculate the time-dependent airborne
nuclide concentration inside containment.
3.2.1 Pressure Relief System Leakage Rate
During the MHA the plenum monitors would trip the exhaust dampers, sealing the building
automatically. The building could also be sealed manually from the control room. With the
building sealed, changes in containment or atmospheric temperature could cause the containment
pressure to increase. If the containment pressure reached the design set-point of 2.0 psig, safe
pressure relief can be achieved via the pressure relief system. The pressure relief system can
discharge containment air through a filter to the base of the ventilation exhaust stack. It was
shown in the safety analysis of the system that the pressure relief system can be safely operated
during the MHA (5).
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The containment pressure relief system exhaust line contains two high-efficiency absolute
particulate air filters that are 99% efficient for particle sizes of 0.3 microns, in addition to an
activated charcoal filter that is 99% efficient for removal of elemental iodine. The fractions of
nuclides penetrating the filters of the pressure relief system, f, are (5):
* 100% of noble gases and Br
* 5% of iodine
* 50% of all other isotopes
The flow rate through the system would be dictated by the pressure difference between
containment and the atmosphere, which is assumed to be 2.0 psig. Experimental data found that
the flow rate at 2.0 psig through filter 1 is 355 ft3/min (cfm) and through filter 2 is 330 cfm (5).
The average leakage rate through the stack, 2Ls, is 342.5 cfm, defined by Equation 3-2.
ALS =3.42x10 5 V / S 3-2
where V is the volume of containment = 4730 m3 and the superscript S indicates the "stack"
flow rate.
3.2.2 Containment Leakage Rate
The maximum permissible leakage rate from containment is 1% of the building volume per
day per psi of overpressure. An integral air leakage test of containment is conducted every 18
months to ensure compliance with the criteria.
At the accident onset, the containment building is assumed to reach its design set point
instantly. The leakage rate is assumed to be the maximum permissive value of 1% of building
volume per day per psig of overpressure. This leakage rate, defined as AL is (5):
ALG =0.02VIdaY=2.3x10-?VIs 3-3
where V is the volume of containment and the superscript G indicates the "ground" level
flow rate.
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3.2.3 Airborne Nuclide Concentration in Containment Atmosphere
The airborne nuclide concentration in the containment atmosphere was governed by decay of
the fission product inventory, release of nuclides through leakage, and nuclide settling from
natural depletion.
Ci (t) = F (t ) 3-4
where:
C, t): airborne concentration of nuclide i in containment at time t [Ci/m 3]
Qc'(t) : total activity of nuclide i in containment at time t [Ci]
V: volume of containment [m 3 ]
Fe(t): natural depletion fraction as defined in Section 2.4.2
The activity of nuclide i in containment Qc(t) depends on the decay as well as the release of
nuclide i. The release rate of nuclide i as a function of time is given by:
QR T C ( t ) ALT 3-5V
where:
QR (t): release rate of nuclide i from containment at time t [Ci]
AL: total release rate from containment [m3/s]
XL = kSA ± -6
There was interdependency between the release rate and the concentration of each nuclide in
containment. In order to determine the concentration and release rates, the concentration at time
t was determined by the concentration and release rate at time t-dt, as defined by Equation 3-7:
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Qc (t -dt)
where:
Q7(t): total activity of nuclide at time t [Ci]
M Q (t+At) - (t 3-8
At
where At is the time step between values from ORIGEN-S, in this case 10 minutes for the first
two hours of the accident. The second term in Eq. 3-7 captures the behavior of the activity inside
containment as it changes over time due to radioactive decay as well as production from decay of
other species. The factor m was used to show how the total activity in the system, both inside
and external to containment, changes with time, and multiplying m by the ratio of activity inside
containment to the total activity gives the time rate of change of the nuclides within containment.
The value dt was defined as:
Atdt =- A3-9
10
The value 10 represents the number of data points which were used between ORIGEN-S output
data points. The ORIGEN-S data points were given in intervals of 10 minutes for the first 2
hours of the accident, thus dt was 1 minute for these simulations.
At time t = 0, the nuclide inventory airborne in containment is set to the total inventory
available from release from the core, as described in Section 2.3. The containment pressure was
once again assumed to reach the 2.0 psig design pressure instantaneously.
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Figure 3-1 below shows the relationship between the activities inside containment and the
activities released over the duration of the accident. The contribution of the short lived isotopes
is clear with the very high initial activity value and the sharp decay over the first 20 minutes.
Time-Evolution of Activities
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from Core
.- 9 --- Activity Inside
S 60000 Containment
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0
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Time [min]
Figure 3-1 -Activity within and released from containment over length of accident
The top curve in Figure 3-1 represents the total activity released from the core during the
accident. The other three curves represent the activity which remains in containment, the activity
released through the stack, and the activity which escaped through building leakage. The sum of
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the three component curves do not equate to the value of the total curve due to the filters in the
pressure relief system.
3.2.4 Resultant Nuclide Release Rate
The nuclide release rate from containment, QR(t), was used as part of the dose calculations in
Sections 3.5 and 3.6. In order to calculate the total dose over an arbitrary time interval At, QR(t)
was numerically integrated.
At
QRS (At) ZQR (t) fdt 3-10
t=O
At
QRG (At) Z QR (41t 3-11
t=O
where:
QRs(At) : activity released through stack over time interval At [Ci]
QRG(At) : activity released through containment leakage over time interval At [Ci]
f: the filter fraction for that nuclide
3.3 Atmospheric Dispersion from Stack Release
The methods and data shown in this section were taken from Li's analysis since the
prescribed methodology has not changed since her work (5)(22). They are reviewed in this
section for sake of completeness.
3.3.1 Atmospheric Dispersion Model for Elevated Release
Atmospheric dispersion of nuclides is primarily dependent on meteorological conditions such
as ambient temperature, wind speed, time of day, and cloud cover, as well as the gas velocity and
temperature exiting the stack. The stability of the atmosphere is determined by the lapse rate,
which is defined as the atmospheric thermal gradient. Neutral stability exists for a temperature
gradient of -1 *C / 100 meters. Unstable conditions with larger lapse rates add to the buoyancy
of an emission, whereas stable conditions inhibit vertical motion of the plume (5).
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The maximum ground-level concentration may occur beyond the exclusion area boundary,
thus the atmospheric concentration values were calculated at various distances. The basic
equation for atmospheric diffusion from an elevated release is given by Equation 3-12 (22):
Z 1 h2
= - exp e 3-12Q rUhU , L 2a2
where:
,. ground level concentration [Ci/m 3]
Q: pollutant exit rate [Ci/s]
Uh: mean wind speed at the release height [m/s]
h,: effective stack height [m]
ory: lateral plume dispersion coefficient [m]
oa: vertical plume dispersion coefficient [m]
h, =h,h,, - h, -c 3-13
h,: stack height [m]
h,: rise of the plume above the release point [m]
h,: maximum terrain height between the release point and the point for which the calculation
is made [m]
c: when vertical exit velocity is less than .5 times the horizontal wind speed, correction for
down-wash [m]
c =3(1.5-WJ/UI )D 3-14
1.6F 13(3.5W)13h Pr = - 3-15
Uh
F =2.45W D2  3-160 T
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W =14F518  3-17
Wo: vertical exit velocity of the plume [m/s]
D: inside diameter of the stack [m]
T,: stack temperature [K]
T: air temperature [K]
Because the flow rates from the stack are low during an accident, the effective height is assumed
to be the actual stack height of 46 m (5). Equation 3-12 then becomes (5):
X 1 exp [- 31
Q ;rUha~y, oa- 3-18
3.3.2 Dispersion Coefficient
Dispersion coefficient values are a function of downwind distance from the release point and
atmospheric stability. They can be determined from the Pasquill curves, which are a set of
diffusion coefficient curves versus plume travel distance. In most references the dispersion
coefficients are given as a set of curves over the range of 102 to 105 meters. It is impossible to
extrapolate accurately to the range of the MITR's exclusion area distance which is 8 to 25
meters, thus their dose contribution at the exclusion area boundary will be taken as zero. The
interpolation formulas for a, (x) and at (x) developed by Briggs were used to fit the Pasquill
curves, which are shown in Table 3-1 below, where x is the downwind distance from the source
(5).
Table 3-1 - Formulas for dispersion coefficients by Briggs
Pasquill stability Stability Description x} fz(x)
category
A Very unstable 0.22x(1 + 0.0001x)~ 0.20x
B Moderately unstable 0.16x(1 + 0.0001x)~r 0.12x
C Slightly unstable 0.1lx(1 + 0.0001x)- 0.08x(1 + 0.0002x)-2
D Neutral 0.08x(1 + 0.0001x)-' 0.06x(1 + 0.0015x)-"2
E Slightly stable 0.06x(1 + 0.0001x)~' 0.03x(1 + 0.0003x)-'
F Moderately stable 0.04x(1 + 0.0001x)-' 0.016x(1 + 0.0003x)'
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3.3.3 Meteorological Data
The meteorological data needed for %/Q calculation include wind speed, wind direction, and
atmospheric stability. The annual average wind speed for each stability class in the Boston area
is listed in Table 3-2 from Li's analysis (5). The wind speed data are expressed in units of knots.
Class D is the most probable stability condition accounting for 73.94% of total events (5).
Table 3-2 -Wind speed for each stability category [KTS]
N U 5.4 7.7 IUJ 7.2 4.8
NNE 0 6.1 8.2 11.0 6.3 4.5
NE 0 5.0 8.4 12.4 6.0 3.8
ENE 5.0 6.3 9.6 11.8 6.5 3.8
E 5.0 6.6 9.8 10.4 6.8 3.8
ESE 5.0 6.2 9.6 10.8 6.9 3.8
SE 4.5 7.1 8.4 9.4 6.3 4.1
SSE 5.0 5.8 7.3 9.0 6.3 4.4
S 1.0 5.0 8.5 10.6 6.6 4.8
SSW 4.5 5.6 9.1 12.1 7.4 5.1
SW 5.0 6.6 9.9 12.0 7.9 5.1
WSW 0 6.5 9.7 12.0 8.1 5.3
W 5.0 6.7 9.7 13.2 8.4 5.0
WNW 3.0 6.7 9.0 13.4 8.4 5.0
NW 5.4 6.1 10.0 13.2 8.3 5.0
NNW 4.0 6.5 9.0 12.5 8.2 4.6
Avg. speed 3.8 6.4 9.2 11.9 7.7 4.6
Relative 0.0823 1.83 8.3 73.94 12.03 3.81
frequency
3.3.4 Resulting Atmospheric Dispersion Curves
Equation 3-18 shows the dependency of the ground level concentration on the various
parameters in the atmospheric dispersion model. The most dominant term will be the vertical
dispersion coefficient as it appears in both the denominator and the exponential term. The lateral
dispersion coefficient appears in the denominator which shows that a higher dispersion
coefficient will decrease the peak concentration. Mean wind speed is related to atmospheric
stability class, where higher wind speeds will result in more dispersion and lower peak
concentrations. Figure 3-2 below shows the concentration values as a function of distance from
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the stack for all atmospheric stability conditions. Stable atmospheric conditions indicate that the
plume will be spread over a larger range, where unstable conditions lead to more pollutant being
deposited over a smaller range. Reduction of fission product inventory due to ground deposition
and precipitation scavenging was conservatively neglected.
Stack Plume Dispersion
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Figure 3-2 - 2fQ distribution as a function of plume distance and atmospheric stability condition for stack
release
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3.4 Atmospheric Dispersion from Containment Leakage
The methods and data shown in this section were also taken from Li's analysis since the
methodology has not changed since her work (5)(22).
3.4.1 Atmospheric Dispersion Model for Ground-Level Release
The concentration of radioactivity downwind from containment due to atmospheric
dispersion can be estimated from the following equations (22):
1IQ= 3-19
U10 (ro.,a, + A/ 2)
1
Z/Q=- 1 3-20
Uio (3ga,)
1
V/ Q =-3-21U10xioU
where:
,r ground level concentration [Ci/m3]
Q: pollutant exit rate [Ci/s]
Uio: mean wind speed at the release height [m/s]
ay: lateral plume dispersion coefficient [m]
orz: vertical plume dispersion coefficient [m]
E: lateral plume spread with meandering and building wake effects [m]. For distances of
800 meters or fewer E = Mo, where M is determined from Figure A. 1 in Appendix A. For
distances greater than 800 meters, 2, = (M-)qysoo,, + a,
A: smallest vertical-plane cross-sectional area of the reactor building = 314 [M 2
Equation 3-19 gives the %/Q values accounting for atmospheric diffusion and the building
wake effect. The diffusion term, 1oroo,, reflects the decrease in concentration due to plume
spread horizontally and vertically (4). The wake effect term, U10 -(Al 2), reflects the tendency
for the released particles to quickly expand to fill a volume of air on the order of the containment
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volume (4). In Reg. Guide 1.145, the NRC states that the reduction of %/Q due to the wake
effect can be no more than a factor of 3, which is reflected in Equation 3-20 (22).
For neutral (D) or stable (E,F) atmospheric stability conditions when the wind speed at 10 m
height is less than 6 m/s meandering of the lateral plume may be considered, which is given by
Equation 3-21. For these atmospheric conditions, the greater value from Eq. 3-19 and Eq. 3-20
should be compared with the value from Eq. 3-21, and the lower value should be selected.
During other atmospheric stability conditions (A, B, C) the plume meandering should not be
considered, thus the higher value of Eq. 3-19 and Eq. 3-20 should be selected.
These procedures for calculating XQ are very conservative. Table 3-3 gives the /Q values
at 8 meters yielded from Eq. 3-19 through 3-21. The /Q values from Eq. 3-20 for stability
class F are over 400 times greater than the values with the full wake effect accounted for (Eq. 3-
19). Due to the channeling effect of the adjacent buildings, it is expected that the turbulent
mixing of the wake effect for the MITR will be more pronounced than that of a containment
building located in the open countryside (4). Therefore, doses were calculated using the /Q
values from Eq. 3-19 representing the full wake effect treatment. This methodology has been
accepted by the NRC in the previous dose calculations in the MIT SAR, thus it was used again
for this work (19).
Table 3-3 -2/Q values at 8 m from each dispersion equation
.X2 at 8 m
Full Wake Reduced Plume
Atmospheric Effect WakeEffect Meandering
Stability Eq. 3-19 Eq. 320 Eq-. 3.21
A 0.0031 0.0193 N/A
B 0.0019 0.0262 N/A
C 0.0013 0.0399 N/A
D 0.0010 0.0568 0.173
E 0.0016 0.2332 0.462
F 0.0027 1.0977 1.018
Reduction of fission product inventory due to ground deposition and precipitation scavenging
was again conservatively neglected.
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3.4.2 Resulting Dispersion Curves
The resulting %/Q curves from the conservative dispersion treatment are shown in Figure 3-3,
and the curves from the full wake effect are shown in Figure 3-4. Figure 3-4 shows that only
class A stability yields higher %/Q values than class F stability. Class A has an occurrence
frequency of less than 0.1%, thus class F stability would give a conservative prediction with a
frequency greater than 99.9%.
Conservative Dispersion from Leakage
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L.OE+02
Figure 3-3 -,IQ distribution as a function of plume distance and atmospheric stability condition for
containment leakage using the conservative formulation
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Wake Effect Dispersion from Leakage
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Figure 3-4 - x/Q distribution as a function of plume distance and atmospheric stability condition from
containment leakage using wake effect calculations
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3.5 TEDE Calculation from Exposure to Airborne Nuclides
The Total Effective Dose Equivalent (TEDE) is comprised of the Committed Effective Dose
Equivalent (CEDE) due to inhalation and the Deep Dose Equivalent (DDE) due to air
submersion in a semi-infinite cloud of nuclides. These dose components replace the whole body
and thyroid dose levels calculated in the past.
3.5.1 Conunitted Effective Dose Equivalent from Inhalation
The CEDE dose over a time interval At is given by Equation 3-22 below
Dose = BRCC(ZIQ)QRs (At) 3-22
where:
BR: breathing rate [m 3/s]
Cc: CEDE dose equivalent for particular isotope (23) [rem/Ci]
(x/Q): ground level concentration [s/m 3]
QRS(At): pollutant which exited source over time At [Ci]
Over the first 8 hours of the accident, the breathing rate is assumed to be 3.5x10-4 m3/s (3).
The values for Cc are found in Appendix A. These CEDE dose coefficients are from Federal
Guidance Report No. 11, Table 2.1, under the column "effective" (23). The CEDE coefficients
represent a weighted dose implication based on exposure spread over a variety of organs. Some
nuclides have different dose coefficients depending on the class of particle, which represents the
length of time the nuclide would be active within the body. The class depends on the chemical
form of the nuclide when it is inhaled. Since there are hundreds of nuclides included in these
analysis, the class with the highest dose coefficient was selected for each nuclide. This is a
conservative assumption.
The Cc values also capture the dose implications of the actinides. Some actinides are alpha
particle emitters, which can be very harmful when inhaled. As such, the value of Cc for an alpha
emitter will be on the order of 4E+08 rem/Ci, where the Cc value for a typical nuclide is on the
order of 1E+03 rem/Ci.
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3.5.2 Deep Dose Equivalent from Immersion in Semi-Infinite Cloud
The DDE dose over a time interval At is given by Equation 3-23:
Dose = CDDE(x/Q)Q 3-23
where CDDE is the DDE dose equivalent factor for a particular isotope (24) [rem-m3/Ci-s]
The values for CDDE are found in Appendix A. These dose coefficients are from Federal
Guidance Report No. 12, Table 3.1, "Dose due to immersion in a semi-infinite cloud of nuclides"
(24). These dose coefficients represent the absorbed dose due to all modes of radiation, mainly
gamma and beta radiation, to the body at a tissue depth of 1 cm weighted over a number of
organs.
3.6 Whole Body and Thyroid Dose Formulation
NRC Regulatory Guide 1.195 prescribes the methodology for calculating the whole body and
thyroid doses in much the same way at the CEDE and DDE are calculated (20). The whole body
dose is defined by the same set of dose coefficients as the DDE discussed in Section 3.5.2. This
methodology differs from Li as she formulated the whole body dose from gamma rays and beta
particles from the cloud of nuclides. The thyroid dose calculation used coefficients from the
same table in Federal Guidance Report 11 as the CEDE, however the "thyroid" column is used
rather than the "effective" column (23). The thyroid dose coefficients are listed in Appendix A.
In some cases these dose coefficients vary from the coefficients used by Li, however there is
general agreement between her values and the values in from the Federal Guidance Report. The
implications of these differences are discussed in Section 5.6.
3.7 Dose from Stack Release
Both the CEDE and the DDE depend on the value of X/Q found from Eq. 3-18 for the
elevated release. From Figure 3-2, the values for )/Q are approximately equal to zero for
distances less than 100 m. Since the MITR is located in an urban zone there is no prescribed
distance to the low population zone boundary as there is at many sites. Thus, the results here
show the dose level as a function of distance away from the reactor for different atmospheric
stability classes.
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The dose levels were calculated at the point with the highest concentration for each
atmospheric stability condition. Table 3-4 gives the distance from the base of the stack with the
highest concentration and resultant dose value for each atmospheric stability condition using the
base 7MW LEU simulation with Reg. Guide 1.183 release fractions.
Table 3-4 - Two hour dose from stack release for base simulation
Atmospheric Frequency of Distance of Maximum Two HourlDose from
Stability Class Occurrence [%] Concentration [m] Base Case [remi]
A 0.08 158 0.064
B 1.83 251 0.031
C 8.3 398 0.020
D 73.94 794 0.012
E 12.03 1585 0.013
F 3.81 3981 0.012
3.8 Dose from Containment Leakage
The dose calculation from containment leakage depends on the value of X/Q selected as
described in Section 3.4. In order to calculate the dose at the front and back fences, values of
%/Q at 8 m and 21 m were taken from the equations governing the dispersion for class F
atmospheric stability.
3.8.1 TEDE Values
The CEDE and DDE dose values from containment leakage at the site fence are shown in
Table 3-5 for both the wake effect and conservative atmospheric dispersion models. This data
represents an LEU core operating at 7 MW for 4200 MWD with Reg. Guide 1.183 release
fractions. See Section 3.8.3 below for an explanation of the discrepancies between the
conservative and wake effect dose treatments.
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Table 3-5 - Two hour dose from containment leakage for base simulation
Dose Dose at 8m Dose at 21m
Component [rein] [rem]
CEDE
Wake Effect 0.110 0.110
Conservative 41.672 6.075
DDE
Wake Effect 0.026 0.026
Conservative 9.724 1.418
TEDE
Wake Effect 0.136 0.135
Conservative 51.396 7.493
3.8.2 Whole Body and Thyroid Dose Levels
The whole body and thyroid dose values from containment leakage at the site fence are
shown in Table 3-6 for both the exact and conservative atmospheric dispersion models. This
data represents an LEU core operating at 7 MW for 4200 MWD with Reg. Guide 1.183 release
fractions. The high thyroid dose levels comes from the dose coefficient for 1-131 which is an
order of magnitude greater than what was considered in previous work, as well as the
atmospheric dispersion values discussed in Section 3.8.3 (5). Further discussion is provided in
Section 5.6.
Table 3-6 - Two hour whole body and thyroid dose from containment leakage for base simulation
Dose Dose at S m Dose at 21 m
Component [remmI frem]
Thyroid
Wake Effect 3.002 2.988
Conservative 1136 165.6
Whole Body
Wake Effect 0.026 0.026
Conservative 9.724 1.418
3.8.3 Comparison of Wake Effect and Conservative Methodologies
The huge discrepancies between the dose levels from the conservative and wake effect
methodologies shown in Table 3-5 and Table 3-6 are explained by the X/Q values in Table 3-3 in
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Section 3.4. The reduced wake effect methodology predicts x/Q values 400 times the values
predicted by the full wake effect treatment at 8 m. The short exclusion area boundary distances
and presence of surrounding buildings at the MITR site indicate that the full wake effect
treatment is justified (4).
3.9 Summary
The TEDE dose and whole body and thyroid dose levels were calculated at the front and
back fences of the reactor exclusion area due to nuclide leakage from containment. TEDE dose
levels were also calculated due to release from the stack from the pressure relief system. The
dose levels depend on the value of %/Q which is governed by atmospheric stability class and
distance from the source. Two models were used to calculate the dose due to containment
leakage, the conservative method prescribed by the NRC and the full wake effect methodology.
The wake effect formulation was selected due to the dominance of the wake effect for the short
distances found in the MITR exclusion area.
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4 Gamma Dose
4.1 Introduction
The nuclides which do not escape containment will constitute a source of gamma radiation.
There are a number of pathways for the photons inside containment to contribute to the dose at
the exclusion area boundary. These dose pathways were derived by Mull, reused by Li, and have
been accepted by the NRC in the licensing applications for the MITR.
NUREG-1537 requires that the same analyses are conducted for LEU fuel as have been
conducted for HEU fuel. At the same time, Regulatory Guides 1.183 and 1.195 have modified
the source term and dose factor methodologies from those used in the past. In order to select the
appropriate methodology to use, it is necessary to understand the underlying relations which
govern the dose levels.
The absorbed dose rate from photons is represented by the general formula below:
Dose = CD 4-1
where:
CD: dose conversion factor [rem-cm2/photon]
#.: photon flux [photons/cm2 -s]
The photon flux #r depends on the source strength and the geometric relations capturing the
effect of containment shielding on the dose levels at the fence. The geometric dose paths
governing the flux at the exclusion area boundary have not changed since Mull's work in 1983.
In order to provide comparable analysis to the existing dose calculations from HEU fuel, the
same geometric relations and dose paths were used directly. These relationships are given in
Section 4.2.
There have been significant improvements in radiation interaction modeling since Mull's
work. Current modeling techniques allow for more exact treatments of the interactions discussed
in Section 4.2, however his methodology was used here to provide a more direct comparison
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between the previous HEU dose levels and the current LEU dose levels. Further discussion is
provided in the future work suggestions (Section 6.2).
The source strength used in this analysis was developed with numeric data from the
ORIGEN-S simulations rather than from analytic equations used in the past. This analysis is
presented in Section 4.3 along with a comparison to the methodology used by Li.
The gamma dose factor CD depends on whether Eq. 4-1 was used for the whole body dose or
the DDE formulation. The derivations for the DDE values for CD are given in Section 4.4 along
with a comparison to the whole body formulation developed by Mull.
The final section in this chapter gives the dose levels from a base case using the methodology
presented in order to show the relative dose contributions from each dose path. The comparison
of the dose levels from different cases, such as from different release fractions, fuel types, or
power levels, are discussed in Chapter 5.
4.2 Geometric Flux Derivations
The gamma dose at the exclusion area boundary includes direct dose through the shielding,
as well as scattered dose. The shielding consists of two parts. The sides of the containment
building are shielded by concrete and steel. The top of the building is shielded by a steel shell.
There will also be radiation dose from the truck lock.
The methodology presented in this section was derived by Mull in 1983. It has been
summarized here, please refer to Reference (4) for the complete derivations.
4.2.1 Direct Gamma Flux
In order to calculate the direct gamma dose at a given point on the ground outside
containment, the containment volume is divided into two parts. The first part Vi is all locations
from which gamma rays will reach the target point through the steel dome. The second part V2 is
all locations where gamma rays will have to pass through the concrete and steel shadow shield.
Volumes V and V2 are shown in Figure 4-1. The values of V, and V2 for 8m and 21m are listed
below as a fraction of total containment volume, V (4).
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V (8)= 0.01V
V (21) =0.05V
V2(8)=0.99V
V2 (21) = 0.95V
V = 4730 m3
4-2
4-3
4-4
4-5
4-6
XP
x2
Figure 4-1 - Containment volume division for direct dose calculation (4)
Steel Shell Penetration Gamma Flux
Two approximations are made to simplify the problem. First, the radioactive nuclides are
assumed to be distributed homogeneously throughout the containment volume. Second, the
volume V1 is approximated as a sphere. From this, the spherical volume source of constant
strength Sv photons/cm 3-s was approximated by a disk of the same radius R, having surface
source strength:
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V
V 2
4
SA =- RS3
4-7
located at a self-absorption distance z (25), illustrated in Figure 4-2. Assuming that the
containment atmosphere is primarily air, self-absorption will be small and it is conservative to
assume z =0 (4). The volume Vi then is reduced to a disk of radius R, located at a distance x, for
the exclusion area boundary point P shielded by a steel slab of thickness b1 , representing the
steel dome, as shown in Figure 4-3 (4).
R [
Figure 4-2 - Sphere to disk source transformation (4)
w
a% "
01 P
1
Figure 4-3 - Geometry for disk surface source with slab shield (4)
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The flux which reaches point P due to photons of energy E from this disk source shielded by
a steel slab is (25)(4):
BS
2 (E1(b)- E (b, sec61)) 4-8
where:
#r: photon flux [photons/cm 2-s]
B: buildup factor
SA1: surface source strength for volume V1 and energy E [photons/cm2-s]
E, (x) = x" n- dt 4-9
b, = psT 4-10
where:
bl: number of mean free paths in the steel shield
lsr: linear attenuation coefficient for steel [cm~l]
TsT: steel thickness [cm]
Substituting the expression for SA, the flux becomes:
# =3 BR 1S (El(b)-E(b, sec60)) 4-11
Buildup and attenuation in the air will be neglected. Both effects are small and tend to cancel
each other (4). Values of ST and subsequent values of b, are shown in Appendix A.
For computational purposes it is convenient to express the buildup factor B as a mathematical
function, in this case by using the Taylor formula shown by Equation 4-12 (26):
B= Ae-a" T + (1-A) ea2PT 4-12
in which A, a, and a2 are functions of energy (26)(4). Values of A, qr, and a2 are listed in
Appendix A. Substituting the expression for B into the equation for E1(b) and integrating results
in:
69
El (b1 ) = AE, (b')+(1- A)El (b") 4-13
where:
b' = (1+a,)b, 4-14
b" =(1+a 2 )bi 4-15
The difference between two exponential integrals can be approximated by (26)(4):
E (b)- E [b(1+,)] = Se~b 4-16
for «'<< 1 and b > 0.
Let (1+5) = sec 01 and the final result would be (4):
# =RS [A(sectl -1)e- +(1-A)(sec6, -1)e- 4-17
With the previous assumption that the fission products are uniformly distributed in the
containment, the volume relations in Eq. 4-2 through Eq. 4-5 lead to the following source
strength relations (4):
S (8) = 0.01ST 4-18
S (21) = 0.05Sr 4-19
where ST is the total containment source strength [photons/cm 3-s]
The scattering geometry parameters are (4):
8m: , =0.179radians; R, =2.25x10 2 cm
21m: 6, =0.169radians; R, =3.90 x102 cm
For E < 0.5 MeV, where the Taylor coefficients are not available, the isotropic point source
buildup factor data are used. Table A.3 in Appendix A lists the isotropic point source buildup
factors for iron as a function of the shield thickness in number of mean free paths. The discrete
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buildup factor values for 1, 2, and 3 mean free paths was then used as the basis for a linear
interpolation using the actual thickness of the steel containment dome to estimate the buildup
factor for each energy. These results are included in Table A.3. Using this method, the flux can
be determined approximately as (4):
2
# =-RS,B(sec 0 -1)e4 4-20
Doses for E < 0.10 have not been determined because the increasing attenuation at lower
energies makes these doses negligible (4).
Shadow Shield Penetration Gamma Flux
The dose due to nuclides in the volume V2 from Figure 4-1 can be obtained by approximating
the source as a cylindrical volume source with a radius of R2 and a height of h2 shielded by a slab
shield of thickness b2, illustrated by Figure 4-4.
- b
2
2
hI
2I
Rx2 x2P
Figure 4-4 - Geometry for cylindrical volume source with slab shield (4)
For this situation the flux at point P is given by Equation 4-21 (26)(4):
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#,= v2 G(k, p,pR2,b2) 4-21
where:
G : attenuation function
pi: linear attenuation coefficient in the source medium [cm1 ]
k = h4-22
R2
p = 4-23
R2
where p must be > 1.25, and
b2 = pc + pS,1 T 4-24
where b2 is the total shadow shield thickness in mean free paths.
The exact buildup factor for a multilayer shield can only be determined by the solution of the
Boltzmann transport equations by a numerical method. For practical purposes Mull used a
simpler approximation taking the buildup factor data for the last material in the shield base on
thickness in mean free paths (4). This method is only valid if the last layer is at least three mean
free paths thick (27). If the outermost region is not thick, the buildup factor for the materials
constituting the outmost two or three mean free paths can be chosen. From Appendix A, one can
see that below energy of 0.1 MeV the buildup factor of steel should be used and above energy of
0.1 MeV the buildup factor of concrete should be used (4).
Incorporating the buildup factor in the Taylor form into the G function, the flux becomes (4):
= BR2 Sv2 AG(k, p, pR 2,b2') + (1- A)G(k, p,pR2,b2")] 4-25
where:
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4-26
b* =(1+a2)b2 4-27
The Taylor coefficient values for concrete are listed in Appendix A. The respective volumes
for target points at 8 meters and 21 meters from Eq. 4-4 and Eq. 4-5 are:
V2 (8)=4.68x103 m3  4-28
V2 (21)= 4.49x10 3 m3  4-29
For convenience, k is set equal to one. This eliminates one set of interpolations in the G
function tables and is not too far from the actual containment h/R ratio (4). Given that k = 1, and
therefore R2 = h2 , the radii can be solved for using:
V2 = ,;R2 h2  4-30
to yield:
R2 (8)=11.4m 4-31
R2(21)=11.3m 4-32
Because s is the total distance from the center of V2 to P and the thickness of the shadow
shield is 0.61 m, the variable p can be determined from Eq. 4-23 to be (4)
p(8) =(11.4+0.61+8)/(11.4) = 1.75 4-33
p(21)=(11.3+0.61+21)/(11.3) =2.90 4-34
Since self-absorption is neglected, pR 2 =0 (4). Values of b2 and b2 are listed in Appendix
A along with the corresponding G function values. Flux values have not been calculated for E <
0.1 MeV due to the increasing attenuation at these energies as before (4).
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4.2.2 Scattered Gamma Flux
Although the shadow shield is effective at stopping direct radiation, the open top containment
design leads to the possibility of gamma radiation escaping upwards and being subsequently
scattered back towards the ground through interaction with air or with the steel dome (4).
Because forward scattering is favored for high energy photons, the effect of sources located
at different heights within the containment will vary. Thus the containment volume will be
divided into four regions. The first region is the dome portion, V., above the shadow shield
where the photons only need to be scattered through small angles to reach the exclusion area
boundary. The remaining three regions each represent a third of the lower portion of
containment, V, which was subdivided by height. For each volume portion, the source is
assumed to be a point source located in the center of the region (4). The relationships between
the volumes are (4):
V =0.3V 4-35
V, =0.7V 4-36
Based on the assumption of homogeneous mixing of nuclides within containment, the
corresponding source strengths are:
S. =0.3Sr 4-37
S, =0.7S 4-38
where ST is the total source strength derived in Section 4.3 [photons/cm 3-s]
The general relationship between the geometric scattering parameters is shown in Figure 4-5.
Figure 4-6 and Figure 4-7 show the locations of the point source terms at the center of each
segment of the containment volume. The points S and P in Figure 4-5 represent the same points
as shown in Figure 4-6 and Figure 4-7.
74
dV
r 2r
r 1 sin ip
x
Figure 4-5 - General scattering geometry (4)
SU
NY'.
Nb
X N
. ....a
P
IN
P
Figure 4-6 - Scattering geometry for upper sources (4)
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Figure 4-7 - Scattering geometry for three lower sources (4)
The azimuthal angle relationships are shown in Figure 4-8:
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hFigure 4-8 - Azimuthal angle relationships (4)
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Air Scattered Gamma Flux
The air scattering flux at the point P from sources for each energy group in the upper volume
of containment is (28)(4):
# Ne d Y d# " (0 = +#) 4-39
4x Wo A dn
Similarly, the air scattering dose from one of the three sources in the lower volume of
containment is (28)(4):
S1Ne-' x- 'r- do-# = co(Vd j y d# s (0=V+#) 4-40
12;rx 0o d
where:
N: electron density in air at STP = 3.6x 1020 electrons/cm 3
bl: steel thickness in number of mean free paths
x : straight line distance from source S to point P [cm]
#o: initial value of # [radians]
0o : initial value of # [radians]
S,: source term for upper portion of containment given by Eq. 4-37 [photons/cm 3-s]
S,: source term for lower portion of containment given by Eq. 4-38 [photons/cm 3-s]
ro(V): azimuthial angle relationship for the containment geometry given by (4):
co(V) = 2cos-1  , j 4-41
Rs(V -<p00),
where h , R , and po are constants given in Appendix A and illustrated by Figure 4-8
do/dQ: Klein - Nishina differential scattering energy cross section in cm 2/steradian, given
by (4):
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do-~ r|(E'YE E' .
" (0)= +--sin 2 0 4-42
dl 2 (E, E E
where
r :classical radius of electron = 2.818 x 10-1 3 cm
E: scattered photon energy in MeV. The quantities E and E have the relationship (4):
E 1 4-43
1+ (1-cos0)
0.511
The above equations were evaluated in each energy group using the symbolic integration
tools in MATLAB. Due to the complexity of the integration involved, the outer integral was
replaced with a summation using a large number of discrete points to ensure accuracy. The
scripts used were validated by reproducing Li's results.
Steel Shell Scattered Flux
The steel scattering flux was calculated using the same source term divisions as the air
scattering flux.
The steel shell scattering relationships from a generic source point S are shown in Figure 4-9
and Figure 4-10. The volume VT shown in Figure 4-9 is the differential volume used for
integration to determine the total flux which reaches the point P. Since only a fraction of this
volume is steel, the following equations have a factor which represents the volume of steel
relative to the total volume VT.
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Figure 4-9 - Steel shell scattering geometry (4)
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Figure 4-10 - Relation of r, and r2 to the steel scattering differential volume (4)
The flux at point P due to a single scattering of a photon with the steel dome can be
approximated as (4):
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S fkt
p, = STrr dT y d# do- (d= /+#) 4-44OrN 2 eO s dov
4rr r22(V2 -1)(02-) A dQ
where:
NST : the electron density in steel = 2.19x 102 electrons/cm3
VST: the total volume of steel in the dome
VsT(8)= 8.19 x10 5cm3  4-45
Vs (21) = 2.91x 106 cm3  4-46
S;: source strength from given source point [photons/cm 3-s]
S =03Sr 4-47
S, 07 ST 4-483
S2 0.7S 4-49
3
S3  0.7S 4-503
where the indices u, 1, 2, 3 indicate the source point from Figure 4-6 and Figure 4-7, and
ST represents the total source strength in containment.
The values for the remaining geometric parameters in Eq. 4-44 are given in Appendix A for
each of the four source points.
The effect of double scattering was calculated by Mull for the three energies E = 0.4, 0.8, and
2.0 MeV which contributed the most to the total double steel scattering dose. The flux at point P
due to double scattering of a photon with the steel dome can be approximated as (4):
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SNST 2 VSTVs 'e d d d"' ' o-' 4zr (y2 -' 1)(#2 -A) r X2 2 dQ dn 4-51
where V ST is the volume of steel between the two scattering points, and &9 is the second
scattering angle.
Mull's results indicated that the total steel scattering flux should be increased by a factor of
1.20 at 8 meters and by a factor of 1.02 at 21 meters (4).
4.2.3 Radiation Penetration through the Truck Lock
The truck lock is a rectangular steel tube which extends from the side of the containment
building. It measures 8 meters long and is closed at both ends by pneumatically sealed doors 3
meters wide and 4 meters high. Each door consists of a steel framework covered on both sides
by 0.6 cm thick steel plates. The inner door is aligned inside the containment shadow shield.
The two sides of the lock are shielded by concrete walls 0.5 meters thick while the front and top
are unshielded (4). The dose paths from the truck lock to the exclusion area boundary include
scattered radiation from the outer steel door as well as reflected radiation from the concrete wall
opposite the truck lock entrance. These dose paths are illustrated in Figure 4-11 below.
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Figure 4-11 - Truck lock dose aerial view (4)
The radiation reaching the lock will be treated as a point source located at the center of the
inner surface of the inner door. The strength of this point source is the total source strength in
the containment times a geometry factor derived by Mull and illustrated in Figure 4-12 (4).
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Figure 4-12 - Truck lock source term geometry (4)
The resulting source strength is (4):
STR =7.12X103 ST 4-52
where ST is the total source strength of the containment [photons/cm 3-s].
Concrete Scattered Flux
The first dose component from the radiation penetrating through the truck lock is from back-
scattering photons off the concrete wall opposite the outer entrance to the truck lock, referred to
as the concrete albedo dose. Figure 4-13 shows the back-scattering geometry.
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Figure 4-13 - Concrete back-scattering dose geometry (4)
The flux at the concrete wall before penetration is determined as (27)(4):
_ BSTR e -pT
2rx2  4-53
where:
B : point buildup factor for steel
ZpT: number of mean free paths through the two doors
x : distance to the wall = 2210 cm
The location on the exclusion area boundary which would receive the maximum flux is on
the Albany St boundary. The maximum flux value at this point can be arrived at from Equation
4-54 (4):
S= 8.23x10-2#,,oAjx
4-54
where Ajx is the differential exposure albedo defined as (26)(4):
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C, do-' (0, E) x1026 +C2
1 + cos00 sec 0,
4-55
where:
C1 , C2 : Energy and material dependent constants
o : incident angle = 0.384 radians
&r : angle of reflection = 1.117 radians
6: complementary angle of sum of incident and reflected angle = 1.641 radians
The values of Ax were computed by Mull and are listed Appendix A.
Steel Door Scattered Flux
Gamma radiation can also reach the exclusion area through the truck lock by scattering off
the steel door at the truck lock entrance. Figure 4-14 shows the scattering geometry.
STR
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Figure 4-14 - Steel door scattering geometry (4)
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Equation 4-44 from Section 4.2.2 is used again to calculate the steel scattered flux at the
fence from the truck lock (4):
STRNSTr sTr d ido-,W2 o d
4rr2 r2 2(2 - 1)(#2 -) _ d 4-56
where Nsr = 2.19 x 10' electrons/cm3.
The location along the boundary that receives the maximum flux is defined by the parameters
(4):
r, = 9.14x10 2cm 4-57
r2 =2.82x10 3 cm 4-58
h = 0.140radians 4-59
#2= 0.209 radians 4-60
y = 0.436 radians 4-61
y2= 0.768 radians 4-62
Vsr =2.01x105 cm3  4-63
An attenuation of 1 inch of steel was used, and the buildup and attenuation due to the air were
neglected.
4.3 Gamma Source Term
The nuclides that remain in containment during the accident create a gamma source term.
The magnitude of the gamma source term decreased over the length of the accident due to
radioactive decay as well as release of airborne nuclides from containment through the pressure
relief system and containment leakage as discussed in Section 3.2.
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ORIGEN-S computed a time-dependent gamma source term over the decay period of the
simulation. ORIGEN-S allows the user to define the energy group boundaries. In order to
preserve the methodology used by Mull, the energy groups were defined such that the mean
energy for each group was close to the discrete energy values he used. This resulted in 18
energy groups. Table 4-1 shows the group energy boundaries and resultant mean energies for
the ORIGEN-S simulations, as well as the discrete energies used by Mull.
Table 4-1 - Gamma energy groups
Lower Energy ORIGEN Discrete
Boundary Upper Energy Group Energy Mean Energy Energies used
[MeV] Boundary[MeV] Range [MeV] [MeV] by Mull [MeV]
0.025 0.035 0.010 0.030 0.030
0.035 0.045 0.010 0.040 0.040
0.045 0.055 0.010 0.050 0.050
0.055 0.070 0.015 0.0625 0.060
0.070 0.090 0.020 0.080 0.080
0.090 0.125 0.035 0.1075 0.100
0.125 0.175 0.050 0.150 0.150
0.175 0.250 0.075 0.2125 0.200
0.250 0.350 0.100 0.300 0.300
0.350 0.450 0.100 0.400 0.400
0.450 0.550 0.100 0.500 0.500
0.550 0.700 0.150 0.625 0.600
0.700 0.900 0.200 0.800 0.800
0.900 1.250 0.350 1.075 1.000
1.250 1.750 0.500 1.500 1.500
1.750 2.500 0.750 2.125 2.000
2.500 3.500 1.000 3.000 3.000
3.500 4.500 1.000 4.000 4.000
ORIGEN-S gives the source strength from each energy group at each decay time step in the
simulation, which begins at the onset of the accident. Each energy group lists the contributions
by nuclide for every nuclide which contributes over 2% of the total group strength at the first
time step.
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The following methodology was used to calculate the gamma source term corresponding to
the nuclide concentrations within containment. First, release fractions were used to calculate the
core inventory fraction released to containment at onset of the accident. This inventory was then
entered into ORIGEN-S and decayed over the length of the accident. Finally, this source term
was adjusted to account for the release of nuclides from containment as discussed in Section 3.2.
The discrete source term values at each time step were numerically integrated over the length
of the accident. The first source term value listed by ORIGEN-S corresponds to the first time
step rather than the onset of the accident. The first time step used in this work was 10 minutes
into the accident. In order to integrate the source term over the length of the accident, the value
at 10 minutes was assumed to be constant over the first time interval, from 0 to 10 minutes. This
treatment does not fully encompass the contributions from nuclides with very short half lives.
However, this treatment is justified since only nuclides with a half life greater than 15 minutes
were used in the previous work (5). Due to the finite time required for the fuel to melt and for
fission products to be released, neglecting the spike in the source term for the first ten minutes is
a reasonable assumption.
For the remaining time intervals beyond the first 10 minutes, trapezoidal integration was used
based on the discrete source term strength listed at each time step. Since the nuclide activities
are generally decreasing over the accident, the trapezoidal integration technique is conservative
compared to the classical exponential treatment of decay processes.
The total gamma emissions from each group are divided over the containment volume to give
a gamma source ST in units of [photons/cm 3-sec]. Table 4-2 lists the values for ST at different
time steps during the accident for the base simulation, a 7MW LEU core irradiated for 4200
MWD using release fractions from Reg. Guide 1.183. This table is intended to show how the
magnitude of the gamma source decreases over time.
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Table 4-2 - Containment volumetric source strength as function of time for 7MW LEU simulation
Gamma Containment Volumetric Source Strength ST [photons/cm -s] as
Energy Function of Tine [min]
[MeV), 10 30 60 120 240 360 540
0.03 4.86E+04 4.02E+04 3.48E+04 2.99E+04 2.30E+04 1.80E+04 1.33E+04
0.04 1.22E+04 8.73E+03 6.84E+03 5.30E+03 3.69E+03 2.54E+03 1.66E+03
0.05 1.OOE+04 6.44E+03 4.68E+03 3.52E+03 2.26E+03 1.36E+03 7.53E+02
0.0625 1.02E+04 6.41E+03 4.59E+03 3.39E+03 2.14E+03 1.24E+03 6.48E+02
0.08 2.92E+04 2.54E+04 2.28E+04 1.89E+04 1.54E+04 1.24E+04 9.36E+03
0.1075 1.22E+04 7.60E+03 5.39E+03 4.01E+03 2.55E+03 1.46E+03 7.45E+02
0.15 1.94E+04 1.43E+04 1.08E+04 7.28E+03 4.21E+03 2.41E+03 1.13E+03
0.2125 3.35E+04 2.89E+04 2.54E+04 2.05E+04 1.45E+04 1.04E+04 6.79E+03
0.3 2.96E+04 2.04E+04 1.58E+04 1.35E+04 9.85E+03 7.06E+03 4.52E+03
0.4 3.61E+04 2.61E+04 1.89E+04 1.28E+04 7.70E+03 5.40E+03 3.76E+03
0.5 4.80E+04 4.06E+04 3.47E+04 2.63E+04 1.66E+04 1.22E+04 8.21E+03
0.625 3.47E+04 3.1 1E+04 2.76E+04 2.14E+04 9.92E+03 5.34E+03 2.65E+03
0.8 7.65E+04 6.81E+04 5.55E+04 3.45E+04 1.24E+04 5.84E+03 2.68E+03
1.075 4.38E+04 3.44E+04 2.61E+04 1.78E+04 9.21E+03 5.49E+03 2.91E+03
1.5 3.94E+04 2.93E+04 2.10E+04 1.32E+04 6.54E+03 3.94E+03 2.08E+03
2.125 3.71E+04 2.66E+04 1.91E+04 1.31E+04 7.09E+03 3.71E+03 1.51E+03
3 5.78E+03 3.70E+03 2.32E+03 1.13E+03 4.39E+02 1.77E+02 5.47E+01
4 6.74E+02 1.54E+02 6.88E+01 2.35E+01 9.80E+00 4.63E+00 1.71E+00
4.3.1 Comparison to Prior Work
Li used a gamma source term based on the radioactive decay of each nuclide over a two hour
span. The time-dependent containment inventory of nuclide i was (5):
Qc'(t) = FR'QS' [ +t 
. F
4-64
where:
FR i: release fraction from fuel to coolant
Qs': saturation activity of fuel melted in core [Ci]
A : total volumetric leakage rate from containment [sec-1]
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A4: decay constant for nuclide i [sec-1]
Fe': natural depletion factor discusses in Section 2.4.1
The total number of decay emissions from isotope i over the two hour period was then (5):
Q i 1010 
7200 .
Q =(3.7x101") Qe'(t)dt 4-65
which, after integration gave (5):
i . . 1-e(T+,'.)70+ 1 _1)1-e , j20Q '(3.7x11"F 4-6
The result from Eq. 4-66 was then multiplied by the yield fraction for each photon. The yield
fractions were the same fractions used by Mull. The main differences between the result given
by Eq. 4-66 used by Li and the methodology used in this analysis are the constant value Fe, and
only accounting for decay rather than all of the nuclide transformations in the Bateman equation
(Eq. 2-1).
Table 4-3 below gives a comparison between Li's results and the ORIGEN-S results for the
MITR HEU core operating at 6 MW with Li's release fractions and natural depletion
methodology.
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Table 4-3 - Comparison of gamma source terms generated from ORIGEN-S and Li
Average Source Average Source Comparison
Mean Photon Strength ORIGEN-S 6 Strength Li 6 MW Ratio
Energy [MeVI MW [photons/cn - s] [photons/cm - s] [MIT HEU /LiJ
0.03 27956 367 76.18
0.04 5077 0.0198 256429
0.05 3488 230 15.17
0.0625 3358 167 20.11
0.08 18302 13400 1.37
0.1075 3883 6.8 571.18
0.15 9765 8320 1.17
0.2125 16388 7670 2.14
0.3 10631 8970 1.18
0.4 14357 17800 0.81
0.5 21074 13000 1.62
0.625 15405 27900 0.55
0.8 32651 42600 0.77
1.075 17243 5180 3.33
1.5 15186 8170 1.86
2.125 17424 12500 1.39
3 2233 1280 1.74
4 94.8 40.2 2.36
There were only three instances where Li's results exceeded the ORIGEN-S generated results
for the same simulation parameters. The discrepancies at low energies indicate that the list of
photons used by Mull and Li was incomplete since the ORIGEN-S simulation yielded a more
continuous spectrum for energies below 0.15 MeV.
Table 4-4 gives a comparison of the end of cycle, total core activities calculated by
ORIGEN-S relative to the saturation activities found by Li for the nuclides which contribute to
the gamma source term energy groups. The number of gamma groups each nuclide contributed
to in the ORIGEN-S simulation is listed, out of the total possible 18 groups. The nuclides
without an activity value in the Li column were not included in her analysis. The most
significant contributing nuclides not included in Li's analysis were Cs-138, Cs-139, Rb-88 and
Rb-89 which had large initial activities as well as half lives which contribute to the gamma
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source over a number of time steps at the onset of the accident. Dose implications from the
difference in the gamma source term are discussed in Section 5.6.
Table 4-4 - List of nuclides which contribute to gamma source term
Number of Gamma
Groups Present L6MW Sat. ORIGEN HEU ORIGEN-
Isotope (ORIGEN-S_ H _lf tif di 6MWAfiriteiF S/Iratia
Kr-85m 2 4.5 h 77880 70870 0.91
Kr-87 13 76.3 min 140400 136700 0.97
Kr-88 13 2.84 h 192000 185100 0.96
Kr-89 9 3.2 min 237200
Xe-133 3 5.2 d 337200 340700 1.01
Xe-135 7 9.1 h 49560 94920 1.92
Xe-137 10 3.8 min 325000
Xe-138 13 14 min 285600 333200 1.17
1-131 1 8 d 150000 154500 1.03
1-132 7 3h 228000 230700 1.01
1-133 8 20.8 h 337200 355400 1.05
1-134 14 52.5 min 394800 414900 1.05
1-135 11 6.6 h 306000 333500 1.09
Te-132 3 3.2 d 228000 229600 1.01
Te-134 5 41.8 min 348000 368400 1.06
Br-84 2 31.8 min 57120 50640 0.89
Cs-138 17 33.4 min 356100
Cs-139 10 9.3 min 335800
Rb-88 15 17.8 min 186500
Rb-89 13 15.1 min 248100
4.4 Gamma Dose Conversion Factors for Whole Body and TEDE
Dose from exposure to gamma radiation is governed by the photon flux and a dose
conversion factor, shown in Equation 4-67 below.
Dose = CD Or 4-67
In order to calculate the TEDE for gamma rays, the value of CD must represent a weighted
dose equivalent which factors in exposure over an array of organs. The NRC regulations allow
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for the use of the Effective Dose Equivalent, EDE, factors when calculating the DDE (3). The
EDE is defined by Equation 4-68 below
HE= ZwrHT 4-68
T
where HT is the dose equivalent to a certain organ or tissue in the body, and WT is a weighting
factor associated with that organ or tissue (29).
The International Commission on Radiation Units and Measurements (ICRU) Report 43,
"Determination of Dose Equivalents from External Radiation Sources - Part 2," contains a figure
providing values for the EDE dose conversion factor for gamma photons at different energy
levels for a variety of radiation field geometries (29). The dose conversion factors values from
an isotropic source were selected for this analysis since the flux derivations used were also for
isotropic sources (4). Values for particular energies were determined graphically based on the
behavior of the experimental values reported. The values of CD are listed in Table 4-5 and
illustrated in Figure 4-15.
The whole body dose conversion factors were defined by Mull as the factors from the
ambient dose equivalent. The ambient dose equivalent corresponds to the absorbed dose at a
depth of 10mm in the IRCU sphere (representing soft tissue) from a uniform radiation field
without taking into account the location on the body which is irradiated. The derivation of the
whole body value of CD is shown below (4):
(1 rem/rad)(EMeV/photon)(1.6x 10- ergs/MeV)-( cm2/g)
100 ergs/g -rad
which was reduced to:
C =1.60 x10 Ep.J 4-70
where . is the true energy absorption coefficient in air [cm 2/g]
For scattered radiation, Mull used aa which is the approximate photon energy absorption
coefficient in air, which is the largest value of A over the given energy range between energy
groups.
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Figure 4-15 below shows the graphical comparison of the whole body dose conversion
factors with the effective dose equivalent dose conversion factors.
Gamma Dose Coefficient CD
L.OOE-09
1 .00E-10
x
x
*
x
x
x
C
1.OOE-11
0.03 0.3
Gamma Energy [MeV]
Figure 4-15 - Comparison of whole body and EDE gamma dose coefficients
The discrete values from Figure 4-15 are shown in Table 4-5.
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Table 4-5 - Comparison of whole body and EDE gamma coefficients
0.03 7.09E-11 0.03 1.35E-11
0.04 4.27E-11 0.04 1.60E-11
0.05 3.24E-11 0.05 1.75E-11
0.06 2.92E-11 0.0625 2.05E-11
0.08 3.11E-11 0.08 2.40E-11
0.1 3.74E-11 0.1075 3.10E-11
0.15 5.99E-11 0.15 4.25E-11
0.2 8.56E-11 0.2125 6.50E-11
0.3 1.38E-10 0.3 9.50E-11
0.4 1.88E-10 0.4 1.30E-10
0.5 2.37E-10 0.5 1.65E-10
0.6 2.84E-10 0.625 2.05E-10
0.8 3.69E-10 0.8 2.60E-10
1 4.47E-10 1.075 3.40E-10
1.5 6.13E-10 1.5 4.50E-10
2 7.57E-10 2.125 6.OOE-10
3 1.01E-09 3 8.OOE-10
4 1.25E-09 4 1.OOE-09
The dose coefficients for the EDE formulation are less than the whole body dose levels, with the
values for energy above 0.1 MeV representing approximately 70% of the whole body dose data.
The dose levels will be calculated with both dose formulations.
4.5 Gamma Dose from Base Simulation
This section gives the dose results from a base simulation in order to show the relative
magnitudes of the dose from the different dose paths described in Section 4.2. The base case
used was an ORIGEN-S simulation of the MIT LEU core operating at 7MW for 4200 MWD of
irradiation. The release fractions used were from NRC Reg. Guide 1.183. The dose levels
reported are the TEDE values rather than the whole body values.
4.5.1 Direct Gamma Dose
The direct gamma dose flux levels were derived in Section 4.2.1. The two-hour steel dome
penetration doses at 8 m and at 21 m are shown in Table 4-6.
96
Table 4-6 - Two hour EDE at 8 m and 21 m from direct steel dome penetration
Energy Dose at 8m Dose at
[MeVl. [remi] 21m [rem]
0.1075 8.73E-06 6.73E-05
0.15 1.56E-04 1.21E-03
0.2125 2.18E-04 1.68E-03
0.3 3.56E-04 2.75E-03
0.4 4.59E-04 3.54E-03
0.5 9.27E-04 7.15E-03
0.625 9.10E-04 7.02E-03
0.8 2.34E-03 1.80E-02
1.075 1.53E-03 1.18E-02
1.5 1.68E-03 1.30E-02
2.125 2.04E-03 1.57E-02
3 3.46E-04 2.67E-03
4 2.39E-05 1.84E-04
Total 0.011 0.085
The steel dome penetration doses are higher at 21 m than 8 m since a larger portion of the
containment source term emits photons which could reach the exclusion area boundary at 21m
than at 8m, as shown in Eq. 4-2 and Eq. 4-3.
The two-hour shadow shield penetration doses at 8 m and 21 m are listed in Table 4-7.
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Table 4-7 - Two hour direct shadow shield penetration dose
0.1075 6.66E-10 5.05E-10
0.15 8.32E-09 6.32E-09
0.2125 9.99E-07 7.35E-07
0.3 4.79E-06 3.47E-06
0.4 3.1OE-05 2.22E-05
0.5 1.78E-04 1.28E-03
0.625 3.56E-04 2.24E-04
0.8 2.25E-03 1.56E-03
1.075 1.27E-02 5.88E-03
1.5 1.66E-02 8.11E-03
2.125 5.61E-02 2.71E-02
3 2.28E-02 1.02E-02
4 1.93E-03 1.08E-03
Total 0.113 0.056
The shadow shield dose levels at 8 m are greater than the dose levels at 21 m due to the
additional spreading of the cylindrical source term used for this calculation at greater distances
from containment.
4.5.2 Scattered Gamma Dose
The scattered gamma dose flux equations are given in Section 4.2.2. The two-hour air
scattering doses at a distance of 8 m and 21 m are listed in Table 4-8 and Table 4-9 respectively.
The references to the "Upper Sources" and "Dose from Point X" correspond to the containment
volume division used to account for the effects of nuclides located in different areas in
containment discussed in Section 4.2.2.
98
Table 4-8 - Two hour gamma dose from air scattering at 8 m
Dose from Dose from Dose from Dose from Total Dose,
Energy, Upper Sources Pointi1 Point 2 Point 3 from all
[MeV] [rem] [rem] [rem] [rem], Sources [rem]
0.03 5.52E-27 2.80E-27 1.73E-27 1.12E-27 1.12E-26
0.04 8.91E-14 4.50E-14 2.78E-14 1.78E-14 1.80E-13
0.05 7.81E-09 3.92E-09 2.42E-09 1.55E-09 1.57E-08
0.0625 2.35E-06 1.17E-06 7.21E-07 4.61E-07 4.71E-06
0.08 4.16E-04 2.06E-04 1.26E-04 8.02E-05 8.28E-04
0.1075 6.51E-04 3.18E-04 1.93E-04 1.23E-04 1.28E-03
0.15 3.47E-03 1.66E-03 9.99E-04 6.32E-04 6.76E-03
0.2125 1.24E-02 5.79E-03 3.44E-03 2.16E-03 2.38E-02
0.3 1.10E-02 5.01E-03 2.94E-03 1.83E-03 2.08E-02
0.4 1.46E-02 6.43E-03 3.73E-03 2.31E-03 2.71E-02
0.5 2.59E-02 1.11E-02 6.40E-03 3.93E-03 4.74E-02
0.625 2.03E-02 8.51E-03 4.83E-03 2.95E-03 3.65E-02
0.8 4.OOE-02 1.63E-02 9.14E-03 5.54E-03 7.09E-02
1.075 1.87E-02 7.37E-03 4.07E-03 2.45E-03 3.26E-02
1.5 1.36E-02 5.17E-03 2.80E-03 1.67E-03 2.33E-02
2.125 1.04E-02 3.79E-03 2.02E-03 1.19E-03 1.74E-02
3 1.07E-03 3.77E-04 1.98E-04 1.16E-04 1.77E-03
4 4.76E-05 1.62E-05 8.42E-06 4.90E-06 7.71E-05
Total 0.173 0.072 0.041 0.025 0.310
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Table 4-9 - Two hour gamma dose from air scattering at 21 m
0.03 5.13E-27 2.57E-27 1.60E-27 1.03E-27 1.03E-26
0.04 8.34E-14 4.15E-14 2.57E-14 1.66E-14 1.67E-13
0.05 7.37E-09 3.64E-09 2.25E-09 1.45E-09 1.47E-08
0.0625 2.24E-06 1.10E-06 6.74E-07 4.33E-07 4.44E-06
0.08 4.01E-04 1.94E-04 1.18E-04 7.58E-05 7.89E-04
0.1075 6.39E-04 3.03E-04 1.83E-04 1.17E-04 1.24E-03
0.15 3.50E-03 1.61E-03 9.65E-04 6.1lE-04 6.69E-03
0.2125 1.30E-02 5.76E-03 3.39E-03 2.13E-03 2.43E-02
0.3 1.22E-02 5.13E-03 2.95E-03 1.84E-03 2.21E-02
0.4 1.69E-02 6.78E-03 3.82E-03 2.35E-03 2.99E-02
0.5 3.13E-02 1.20E-02 6.67E-03 4.07E-03 5.41E-02
0.625 2.57E-02 9.41E-03 5.13E-03 3.1OE-03 4.34E-02
0.8 5.38E-02 1.86E-02 9.91E-03 5.93E-03 8.83E-02
1.075 2.72E-02 8.69E-03 4.52E-03 2.67E-03 4.31E-02
1.5 2.19E-02 6.34E-03 3.20E-03 1.87E-03 3.33E-02
2.125 1.86E-02 4.84E-03 2.37E-03 1.36E-03 2.72E-02
3 2.15E-03 5.01E-04 2.38E-04 1.35E-04 3.03E-03
4 1.05E-04 2.22E-05 1.03E-05 5.80E-06 1.43E-04
Total 0.228 0.080 0.043 0.026 0.377
The doses from air scattering at 21 m are greater than the doses at 8 m since the photons have
to scatter through smaller angles to reach the ground at 21 m than at 8 m. The upper portion of
the source dominates the dose again since it has to scatter through smaller angles than the lower
sources inside containment.
The two hour doses from single steel scattering events for steel at 8 m and 21 m are shown in
Table 4-10 and Table 4-11 respectively. The total doses, accounting for double scattering, at 8 m
and 21 m are shown in Table 4-12.
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Table 4-10 - Two hour gamma dose from steel scattering at 8 m
Dose from Total Dose
Energy Upper Dose from Dose froma Dose from fromnall
[MeV] Sourees[rem] Point1 [rem] Point 2 [rem] Point3 [rem} Sources- [remi
0.03 2.25E-27 1.03E-27 7.1 1E-28 5.34E-28 4.52E-27
0.04 3.86E-14 1.74E-14 1.18E-14 8.81E-15 7.66E-14
0.05 3.59E-09 1.59E-09 1.07E-09 7.88E-10 7.03E-09
0.0625 1.16E-06 5.02E-07 3.33E-07 2.43E-07 2.24E-06
0.08 2.24E-04 9.42E-05 6.15E-05 4.43E-05 4.24E-04
0.1075 3.96E-04 1.60E-04 1.02E-04 7.20E-05 7.30E-04
0.15 2.48E-03 9.46E-04 5.84E-04 4.03E-04 4.41E-03
0.2125 1.07E-02 3.80E-03 2.26E-03 1.52E-03 1.82E-02
0.3 1.16E-02 3.80E-03 2.18E-03 1.42E-03 1.90E-02
0.4 1.80E-02 5.52E-03 3.07E-03 1.96E-03 2.85E-02
0.5 3.60E-02 1.05E-02 5.71E-03 3.59E-03 5.58E-02
0.625 3.17E-02 8.75E-03 4.67E-03 2.89E-03 4.80E-02
0.8 7.06E-02 1.84E-02 9.64E-03 5.86E-03 1.05E-01
1.075 3.77E-02 9.29E-03 4.74E-03 2.81E-03 5.46E-02
1.5 3.15E-02 7.29E-03 3.62E-03 2.09E-03 4.45E-02
2.125 2.72E-02 5.94E-03 2.86E-03 1.61E-03 3.76E-02
3 3.14E-03 6.47E-04 3.02E-04 1.66E-04 4.25E-03
4 1.50E-04 2.96E-05 1.35E-05 7.33E-06 2.01E-04
Total 0.281 0.075 0.040 0.024 0.421
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Table 4-11 - Two hour gamma dose from steel scattering at 21 m
0.03 3.75E-27 1.33E-27 7.51E-28 5.02E-28 6.34E-27
0.04 6.40E-14 2.24E-14 1.26E-14 8.35E-15 1.07E-13
0.05 5.91E-09 2.05E-09 1.14E-09 7.53E-10 9.86E-09
0.0625 1.89E-06 6.50E-07 3.58E-07 2.34E-07 3.14E-06
0.08 3.63E-04 1.22E-04 6.66E-05 4.32E-05 5.95E-04
0.1075 6.36E-04 2.09E-04 1.12E-04 7.15E-05 1.03E-03
0.15 3.95E-03 1.26E-03 6.52E-04 4.09E-04 6.27E-03
0.2125 1.70E-02 5.16E-03 2.58E-03 1.58E-03 2.63E-02
0.3 1.87E-02 5.33E-03 2.56E-03 1.53E-03 2.81E-02
0.4 2.98E-02 7.98E-03 3.69E-03 2.15E-03 4.36E-02
0.5 6.16E-02 1.56E-02 6.99E-03 4.01E-03 8.82E-02
0.625 5.64E-02 1.34E-02 5.82E-03 3.28E-03 7.89E-02
0.8 1.33E-01 2.93E-02 1.22E-02 6.78E-03 1.81E-01
1.075 7.75E-02 1.53E-02 6.13E-03 3.34E-03 1.02E-01
1.5 7.26E-02 1.26E-02 4.79E-03 2.55E-03 9.25E-02
2.125 7.21E-02 1.07E-02 3.89E-03 2.02E-03 8.87E-02
3 9.64E-03 1.22E-03 4.23E-04 2.15E-04 1.15E-02
4 5.26E-04 5.77E-05 1.94E-05 9.69E-06 6.13E-04
Total 0.554 0.118 0.050 0.028 0.750
Table 4-12 - Total steel scattering dose from all sources at 8 and 21 m
Distance from Dose from Dose from Dose from Dose from Total Dose
Containment Upper Point I Point 2 Point 3 from all
[m] Sources [rem] [rem] [rem] [rem] Sources [rem]
8 0.338 0.090 0.048 0.029 0.505
21 0.565 0.121 0.051 0.029 0.765
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4.5.3 Gamma Dose from Truck Lock
The photon flux levels at the exclusion area boundary from the truck lock are given in
Section 4.2.3.
The doses at the concrete wall are given as part of Table 4-13. Note that these values do not
represent an absorbed dose, rather a dose inside the exclusion area used as a source for the
concrete albedo dose calculation. See Figure 4-13 for a diagram of this dose.
The dose levels at the fence from backscattering off the concrete wall and scattering off the
steel truck lock door are given in Table 4-13.
Table 4-13 - Summary of radiation through truck lock
Dose at Dose'at Fence Dose dueto
Energy Concrete due to Concrete Scattering from
[MeV] wall [rem] [rem] Steel Door [rem]
0.1075 8.21E-06 2.63E-08 3.36E-08
0.15 4.33E-04 1.09E-06 1.71E-06
0.2125 3.37E-03 7.06E-06 1.25E-05
0.3 5.53E-03 9.11E-06 2.10E-05
0.4 1.12E-02 1.52E-05 3.99E-05
0.5 2.48E-02 2.96E-05 9.10E-05
0.625 2.55E-02 2.73E-05 8.85E-05
0.8 6.98E-02 6.21E-05 2.27E-04
1.075 4.80E-02 3.71E-05 1.33E-04
1.5 5.73E-02 3.49E-05 1.33E-04
2.125 7.27E-02 3.71E-05 1.26E-04
3 1.21E-02 4.79E-06 1.62E-05
4 8.33E-04 2.81E-07 8.16E-07
Total 3.32E-01 2.66E-04 8.90E-04
The maximum dose from the truck lock was less than 0.001 rem for the first two hours of the
accident. The doses from the other direct and scattered gamma pathways are on the order of 1
rem for the first two hours of the accident. Thus, the truck lock doses are 3 orders of magnitude
smaller than the other gamma doses and can be neglected.
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4.5.4 Comparison of Relative Dose from all Paths
Table 4-14 shows a comparison of the gamma doses through each dose path. The dose is
dominated by steel and air scattering, with smaller contributions from the direct radiation. The
larger value for dose at 21 m results from scattering through smaller angles to reach the ground
at 21 m than the angles required for photons to reach the ground at 8 m from containment.
Table 4-14 -Summary of two hour gamma dose from all sources
Steel Dome Penetration 0.011 0.085
Shadow Shield
Penetration 0.113 0.056
Air Scattering 0.310 0.377
Steel Scattering 0.505 0.765
Total 0.939 1.283
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5 Results
5.1 Results Outline
The goal of this work was to compare the MHA dose levels from the HEU core operating at
6MW with the LEU core operating at 7MW. The LEU fuel must be operated at a 17% higher
thermal power in order to yield total flux levels in the experimental ports equivalent to the HEU
core.
The release fractions most representative of the MITR MHA include the coolant to
containment evaporation calculation from the MIT SAR. The dose comparison between the two
cores was made with three sets of release fractions, discussed in Section 5.2.
Subsidiary goals of this work include determining the sensitivity of dose levels to various
simulation parameters. Section 5.3 shows the effect of power level and irradiation period on
dose levels. Section 5.5 gives results for a number of different simulation parameters.
The final two sections give a comparison to the dose levels calculated by Li, as well as a
comparison of the dose levels to the regulatory limits.
5.1.1 Comparison of Dose Paths
Table 5-1 lists the dose levels calculated in Chapters 3 and 4 for the base case of LEU fuel at
7MW for 4200 MWD with Reg. Guide 1.183 release fractions. The gamma doses dominate the
total offsite dose, contributing 87% of the dose at 8 m and over 90% of the dose at 21 m. In the
remaining sections only the total dose values are reported, specifically the "Total Leakage
TEDE" and the "Total Gamma TEDE."
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Table 5-1 - Summary of dose through all paths
Dose component Dose at 8 m [rem] Dose at 21 in [rem]
CEDE from containment leakage 0.110 0.110
DDE from containment leakage 0.026 0.026
Total Leakage TEDE 0.136 0.136
Gamma doses
Steel Dome Penetration DDE 0.011 0.085
Shadow Shield Penetration DDE 0.113 0.056
Air Scattering DDE 0.310 0.377
Steel Scattering DDE 0.505 0.765
Total Gamma TEDE 0.939 1.283
Total TEDE 1.075 1.419
5.2 Dose Comparison between HEU and LEU-Fueled Cores
The primary comparison between the HEU and LEU fueled cores used the multi-step release
fractions incorporating the MIT SAR coolant to containment release fraction as discussed in
Section 2.3.2. The three sets of release fractions used were the plate-type fuel fractions (labeled
"Plate" in dose tables), the Reg. Guide 1.183 fractions with the MIT SAR values (labeled "RG
1.183-SAR"), and the Reg. Guide 1.195 fractions with the MIT SAR values (labeled "RG
1.195-SAR"). The TEDE was calculated using both the RG 1.183-SAR and the plate release
fractions. The whole body and thyroid dose levels were calculated using the RG 1.195-SAR and
the plate release fractions.
The dose comparison was made between the LEU core operating at 7 MW to the HEU core
operating at 6 MW. The thermal power of the LEU core was higher in order to produce total
flux levels in the experimental ports equivalent to the HEU core levels.
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5.2.1 TEDE Comparison
Table 5-2 shows the comparison between HEU at 6 MW and LEU at 7 MW operating for
4200 MWD using the plate release fractions. The thermal power of the LEU core was higher in
order to produce total flux levels in the experimental ports equivalent to the HEU core levels.
The LEU fuel results in dose levels which are 22% larger than the HEU fuel.
Table 5-2 - TEDE using plate release fractions
Parameter Vaiue
Fuel Type LEU HEU
Release Fractions Plate Plate
Nominal Power [MW] 7 6
Leakage TEDE 8 m [rem] 0.018 0.015
Leakage TEDE 21 m [rem] 0.018 0.015
Gamma DDE 8 m [rem] 0.325 0.265
Gamma DDE 21 m [rem] 0.421 0.346
Total TEDE 8 m [rem] 0.344 0.281
Total TEDE 21 m [rem] 0.440 0.361
The dose contributions per element and per individual nuclide were analyzed in order to
determine whether the core operating power or the fuel type was primarily responsible for the
greater dose values from the LEU core operating at 7 MW than the HEU core operative at 6MW.
Table 5-3 gives the dose contributions per element for both the LEU and HEU core operating at
6 and 7 MW. Dose levels for LEU at 6 MW and HEU at 7 MW were predicted based on the end
of cycle activities for each nuclide relative to the activity from LEU at 7 MW and HEU at 6 MW.
Xenon contributed the most to the dose difference between HEU at 6 MW and LEU at 7 MW.
As shown by the dose for LEU at 6 MW, the xenon concentrations were more dependent on the
fuel type than the power level. The krypton dose levels were dominated by the power level as
the LEU fuel yielded lower doses at equivalent thermal power to the HEU fuel. The iodine dose
was equally dependent on fuel type and power level, where the tellurium and rubidium dose
levels were determined by the power level exclusively.
The dose contributions per nuclide for the same simulations are listed in Table 5-4. Xe-
135 is responsible for the largest component of the difference between the dose levels between
LEU and HEU fuels. The LEU flux spectrum is considerably harder than the spectrum in the
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HEU fuel, resulting in lower Xe-135 capture in the LEU core which explains the greater
concentrations.
Table 5-3 -TEDE contributions per element using plate release fractions at 21 m
Total 0.378 0.440 0.360 0.415
Kr 0.196 0.230 0.217 0.252
Xe 0.126 0.142 0.091 0.102
I 0.043 0.050 0.038 0.045
Cs 0.006 0.007 0.0060 0.0070
Te 0.0039 0.0045 0.0040 0.0047
Rb 0.0036 0.0043 0.0041 0.0047
Table 5-4 - TEDE contributions per nuclide using plate release fractions at 21 m
Total 0.378 0.438 0.360 0.415
Kr-88 0.134 0.158 0.149 0.174
Xe-135 0.064 0.070 0.032 0.033
Kr-87 0.048 0.056 0.053 0.062
Xe-138 0.042 0.049 0.041 0.047
Xe-135m 0.016 0.019 0.014 0.017
1-134 0.015 0.017 0.014 0.017
1-132 0.0097 0.0114 0.0087 0.0101
Kr-85m 0.0095 0.0111 0.0103 0.0120
1-135 0.0068 0.0080 0.0063 0.0074
1-133 0.0064 0.0075 0.0059 0.0069
Cs-138 0.0062 0.0072 0.0060 0.0070
1-131 0.0052 0.0060 0.0032 0.0037
Kr-89 0.0037 0.0044 0.0044 0.0051
Xe-137 0.0027 0.0031 0.0025 0.0029
Te-132 0.0024 0.0028 0.0022 0.0025
Rb-88 0.0023 0.0027 0.0026 0.0030
Te-134 0.0015 0.0017 0.0019 0.0022
Rb-89 0.0014 0.0016 0.0015 0.0018
Xe-133 0.0012 0.0014 0.0011 0.0013
108
Simulations using the Reg. Guide 1.183 release fractions with the MIT SAR evaporation
calculation also yields a 22% increase in TEDE when switching to LEU fuel. The comparison
between HEU and LEU fuel is shown in Table 5-5. Overall the dose levels using the Reg. Guide
1.183-SAR release fractions are roughly 9% lower than the dose levels using the plate-type
release fractions, shown in Table 5-2.
Table 5-5 - TEDE using RG 1.183-SAR release fractions
Parameter Value
Fuel Type LEU HEU
Release Fractions RG 1.183-SAR RG 1.183-SAR
Nominal Power [MW] 7 6
Leakage TEDE 8 m [rem] 0.012 0.010
Leakage TEDE 21 m [rem] 0.012 0.010
Gamma DDE 8 m [rem] 0.300 0.245
Gamma DDE 21 m [rem] 0.387 0.317
Total TEDE 8 m [rem] 0.313 0.255
Total TEDE 21 m [rem] 0.399 0.328
The dose contributions by element are listed in Table 5-6. The only significant difference
between these contributions and the contributions in Table 5-3 is the iodine contribution due to
the higher iodine release fraction in the plate-type fuel analysis. The release fractions for xenon
and krypton are 100% in both sets of release fractions thus the contributions are the same as
discussed previously.
Table 5-6 - TEDE contributions per element using RG 1.183-SAR release fractions at 21 m
Element LEU Dose [rem] -HEU Dose [rem]
Total 0.398 0.327
Kr 0.231 0.217
Xe 0.142 0.091
I 0.020 0.015
Cs 0.003 0.003
Rb 0.002 0.002
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5.2.2 Whole Body and Thyroid Dose Comparison
The whole body and thyroid dose levels were calculated for the plate-type fuel release
fractions to serve as a point of comparison to the results from the Reg. Guide 1.195 release
fractions. The values for the plate-type release are listed in Table 5-7. The thyroid dose levels
from LEU fuel are 30% greater than the thyroid dose levels from HEU fuel, while the whole
body dose levels at 8 and 21 meters are 22% and 21% greater for LEU fuel than for HEU fuel.
Table 5-7 - Whole body and thyroid dose using plate release fractions
Parameter Value
Fuel Type LEU HEU
Release Fractions Plate Plate
Nominal Power [MW] 7 6
Thyroid 8 m [rem] 0.233 0.179
Thyroid 21 m [rem] 0.232 0.178
Whole Body 8 m [rem] 0.010 0.008
Whole Body 21 m [rem] 0.009 0.008
Gamma WB 8 m [rem] 0.476 0.390
Gamma WB 21 m [rem 0.631 0.521
Total Whole Body 8 m [rem] 0.486 0.398
Total Whole Body2l m [rem] 0.640 0.529
The dose contributions by element are given in Table 5-8 below. The dose contributions
include both the thyroid and whole body doses, however the noble gases only contribute to the
whole body dose and iodine primarily contributes to the thyroid dose.
Table 5-8 -Whole body and thyroid dose contributions per element using plate release fractions at 21 m
Total 0.872 0.707
Kr 0.348 0.328
I 0.259 0.199
Xe 0.206 0.132
Te 0.041 0.032
Cs 0.011 0.010
Rb 0.006 0.006
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For additional details, the dose contributions by nuclide are given in Table 5-9 below. The
most significant difference between the HEU and LEU doses is caused by Xe-135. 1-131 and
Kr-88 also contribute slightly to the overall difference between the LEU and HEU fuel doses.
The majority of the remaining nuclides listed in Table 5-9 contribute higher dose rates for the
LEU core than the HEU core. The underlying nuclide concentrations reflected in this table are
the same concentrations shown in Table 5-4, thus the effect of power level relative to fuel type
may be determined from the trends sown in that table.
Table 5-9 - Whole body and thyroid dose contributions per nuclide using plate-type release fractions at 21 m
LEU Dose HEU Dose
Isotope [rem] [rel]
Total 0.869 0.705
Kr-88 0.243 0.229
1-131 0.140 0.104
Xe-135 0.100 0.046
Kr-87 0.083 0.078
Xe-138 0.073 0.061
1-133 0.058 0.046
Te-132 0.035 0.027
Xe-135m 0.027 0.020
1-134 0.025 0.021
1-135 0.019 0.015
1-132 0.017 0.013
Kr-85m 0.016 0.015
Cs-138 0.011 0.009
Kr-89 0.006 0.006
Xe-137 0.004 0.003
Rb-88 0.004 0.004
Te-134 0.003 0.003
Rb-89 0.002 0.002
Xe-133 0.002 0.002
Te-131m 0.002 0.001
The whole body and thyroid dose levels were calculated once
Guide 1.195 release fractions. The results are listed in Table 5-10.
more using the Regulatory
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Table 5-10 - Whole body and thyroid dose using Reg. Guide 1.195-SAR release fractions
Fuel Type LEU HEU
Release Fractions RG 1.195-SAR RG 1.195-SAR
Nominal Power [MW] 7 6
Thyroid 8 m [rem] 0.109 0.084
Thyroid 21 m [rem] 0.109 0.083
Whole Body 8 m [rem] 0.009 0.007
Whole Body 21 m [rem] 0.009 0.007
Gamma WB 8 m [rem] 0.440 0.360
Gamma WB 21 m [rem 0.579 0.479
Total Whole Body 8 m [rem] 0.448 0.368
Total Whole Body2l m [rem] 0.588 0.486
The dose contributions per element are shown in Table 5-11 below. Once again, xenon
contributes the most to the difference in dose levels between LEU and HEU.
Table 5-11 -Whole body and thyroid dose contributions per element using Reg. Guide 1.195-SAR release
fractions at 21 m
Total 0.695 0.569
Kr 0.349 0.328
Xe 0.206 0.132
I 0.140 0.108
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5.2.3 Implications of Evaporation Calculation
The TEDE values using the standalone Regulatory Guide 1.183 release fractions and the dose
levels from the inclusion of the MIT SAR evaporation calculation were compared. The results
are shown in Table 5-12 for LEU fuel operating at 7 MW.
Table 5-12 - TEDE comparison with and without MIT SAR evaporation release fraction
Parameter Value
Fuel Type LEU LEU
Release Fractions RG 1.183 RG 1.183-SAR
Nominal Power [MW] 7 7
Leakage TEDE 8 m [rem] 0.136 0.012
Leakage TEDE 21 m [rem] 0.135 0.012
Gamma DDE 8 m [rem] 0.939 0.300
Gamma DDE 21 m [rem] 1.283 0.387
Total TEDE dose 8 m [rem] 1.075 0.313
Total TEDE dose 21 m [rem] 1.418 0.399
A comparison of the dose contributions per element for the two sets of release fractions for 7
MW LEU operation is shown in Table 5-13 below. The most significant impact from the
inclusion of the MIT SAR release fractions is the effect on iodine, since the MIT SAR value is
2.3% of the Reg. Guide 1.183 value. The MIT SAR coolant to containment release fraction for
all fission products is 3%. The discrepancy between 3% and 2.3% stems from the ORIGEN-S
gamma source term cutoff discussed in Section 4.3. When the iodine concentration was reduced
by 97%, its relative contributions to the gamma source term decreased such that some of the
contributions fell below the 2% cutoff for the ORIGEN-S source term, and thus were not
included in the source term. The small difference in the dose contributions from krypton and
xenon between the two cases was also due to the ORIGEN-S gamma cutoff. The MIT SAR
release fractions effectively negate the dose impact from all other nuclides, except iodine as
discussed.
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Table 5-13 - TEDE contributions per element for simulations with and without MIT SAR evaporation
calculation included
Total 1.418 0.399
I 0.888 0.020
Kr 0.218 0.231
Xe 0.140 0.142
Cs 0.106 0.003
Rb 0.044 0.002
Te 0.010 1.17E-04
Sr 0.003 3.96E-05
Br 0.003 1.13E-05.
Pu 0.002 5.64E-05
Ru 0.001 4.20E-06
Ce 0.001 0.00OE+00
Ba 0.001 2.30E-05
5.3 Effect of Power History and Burnup
The fission product and actinide inventory in the core is dependent on the operating power
level and the length of irradiation or burnup. The HEU and LEU cores were both run over a
range of power levels to determine this dependency. The LEU core was run at 5, 6, 7 and 8 MW,
while the HEU core was run at 5, 6, and 7 MW. The default burnup used was 4200 MWD of
continuous operation for each power level. Additionally, shorter irradiation periods were also
simulated in order to show how the dose levels evolve over the lifecycle of the fuel. The results
shown here are TEDE levels using NRC Regulatory Guide 1.183 fuel to containment release
fractions without the inclusion of the MIT SAR release fractions.
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5.3.1 Effect of Power Level
The doses from LEU fuel as a function of power level are shown in Table 5-14 below. The
doses from HEU fuel as a function of operating power are shown in Table 5-15.
Table 5-14 - Effect of power level on LEU fuel dose levels
Fuel Type LEU LEU LEU LEU
Nominal Power 5 6 7 8
Operating Power 5.25 6.3 7.35 8.4
Leakage TEDE 8 m [rem] 0.100 0.118 0.136 0.154
Leakage TEDE 21 m [rem] 0.099 0.117 0.135 0.153
Gamma DDE 8 m [rem] 0.677 0.809 0.939 1.070
Gamma DDE 21 m [rem] 0.924 1.104 1.283 1.461
Total TEDE 8 m [rem] 0.777 0.926 1.075 1.223
Total TEDE 21 m [rem] 1.023 1.221 1.418 1.615
Table 5-15 - Effect of power level on HEU fuel dose levels
Parameter Value
Fuel Type HEU HEU HEU
Nominal Power [MW] 5 6 7
Operating Power [MW] 5.25 6.3 7.35
Leakage TEDE 8 m [rem] 0.092 0.109 0.125
Leakage TEDE 21 m [rem] 0.091 0.109 0.125
Gamma DDE 8 m [rem] 0.632 0.762 0.887
Gamma DDE 21 m [rem] 0.864 1.042 1.213
Total TEDE 8 m [rem] 0.724 0.871 1.013
Total TEDE 21 m [rem] 0.956 1.151 1.338
The dose contributions per element for LEU fuel as a function of power level at 21 m are
shown in Table 5-16. The overall increase in dose is approximately linear with power level,
where the contributions from most elements increase proportional to the power level. Some
elements, such as plutonium, do not show a significant increase in dose level with power since
the total burnup for each case is the same at 4200 MWD.
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Table 5-16 - TEDE contributions per element as a function of power level for LEU fuel at 21 m
Total 1.023 1.220 1.418 1.614
I 0.635 0.762 0.888 1.016
Kr 0.156 0.187 0.218 0.249
Xe 0.107 0.124 0.140 0.155
Cs 0.077 0.091 0.106 0.120
Rb 0.031 0.038 0.044 0.050
Te 0.007 0.008 0.010 0.011
Sr 0.0024 0.0026 0.0028 0.0031
Br 0.0019 0.0023 0.0027 0.0030
Pu 0.0019 0.0019 0.0019 0.0019
Ru 0.0012 0.0013 0.0013 0.0014
Ce 0.0010 0.0011 0.0012 0.0013
Ba 0.0008 0.0009 0.0010 0.0011
In order to maintain total flux levels in the experimental ports equivalent to the HEU core,
the LEU core must operate at a thermal power level 17% greater than the HEU thermal power
level. The doses calculated for each fuel type as a function of power level were scaled in order
to yield a comparison between LEU and HEU over a range of power levels shown in Table 5-17.
Table 5-17 - Comparison of TEDE between LEU and HEU for different power levels
5 5.85 0.724 0.904 0.956 1.191
6 7 0.871 1.075 1.151 1.418
7 8.19 1.013 1.253 1.338 1.654
The difference in the dose levels between HEU and LEU decreases as the power level increases.
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5.3.2 Effect of Burnup Level on Dose for LEU Fuel
The dose levels for a range of irradiation periods for LEU fuel operating at 7MW were
calculated. The base case of 4200 MWD was used as the upper limit and subdivided into 4 equal
1050 MWD periods. Once these doses were calculated, an additional calculation was made in
order to determine the irradiation period which results in the greatest dose levels. The dose
levels are listed in Table 5-18 below. The initial four calculations showed that the gamma dose
increased for lower irradiation periods while the dose from containment leakage decreased.
Since the gamma dose dominates however, the overall dose was greatest for the case with 1050
MWD of irradiation. Thus, a simulation with 30 days of operation, equivalent to 220 MWD, was
run where the total dose levels did not increase significantly from the 1050 MWD case. While
the gamma dose at 220 MWD was still greater than the dose at 1050 MWD, this increase was
offset by the decrease in the leakage dose.
Table 5-18 - TEDE as a function of burnup for 7MW LEU core
Parameter Value
LEU LEU LEU LEU LEU
Fuel Type 7MW 7MW 7MW 7MW 7MW
Length of Irradiation
[MWD] 220 1050 2100 3150 4200
Leakage TEDE 8 m [rem] 0.118 0.126 0.129 0.132 0.136
Leakage TEDE 21 m [rem] 0.117 0.125 0.128 0.132 0.135
Gamma DDE 8 m [rem] 0.983 0.974 0.960 0.949 0.939
Gamma DDE 21 m [rem] 1.340 1.329 1.309 1.296 1.283
Total TEDE 8 m [rem] 1.100 1.100 1.089 1.081 1.075
Total TEDE 21 m [rem] 1.457 1.454 1.438 1.427 1.418
The major dose contributors for each case were calculated to see which nuclides are most
responsible for the dose variations as a function of burnup. The dose levels at 21 m experience a
larger 2.8% change compared to a 2.3% change in the 8 m dose levels. The total dose
contributions by element are listed as a function of burnup in Table 5-19 below. The
contribution from iodine is greatest at 1050 MWD, while the contribution from krypton was
greatest at 220 MWD and decreases as burnup increases. The contributions from xenon, cesium
117
and tellurium were constant over different burnup levels. The nuclides at the bottom of the table
had increasing dose contributions as burnup increased, including plutonium which had a
maximum dose contribution of 2.2 mrem for 4200 MWD burnup. This still only contributes
0.13% of the total dose. Elements with a maximum dose contribution less than 1 mrem were not
included in this table which explains the minor discrepancy between Table 5-18 and Table 5-19
for total dose levels.
Table 5-19 - TEDE contributions per element as a function of burnup at 21 m
Total 1.457 1.454 1.437 1.427 1.417
I 0.881 0.891 0.890 0.890 0.888
Kr 0.259 0.247 0.236 0.227 0.218
Xe 0.140 0.140 0.140 0.140 0.140
Cs 0.105 0.105 0.105 0.105 0.106
Rb 0.056 0.054 0.048 0.046 0.044
Te 0.010 0.010 0.010 0.010 0.010
Br 0.0031 0.0030 0.0029 0.0028 0.0027
Sr 0.0009 0.0017 0.0022 0.0025 0.0028
Ba 0.0009 0.0010 0.0010 0.0010 0.0010
Pu 0.00004 0.0003 0.0006 0.0012 0.0019
Ru 0.00005 0.0004 0.0007 0.0010 0.0013
Ce 0.00004 0.0005 0.0008 0.0010 0.0012
5.4 Comparison of TEDE and Whole Body and Thyroid Doses
The TEDE and the whole body and thyroid dose calculations were run with the same
simulation parameters in order to show how each dose definition faired with the same nuclide
inventory. Since the Reg. Guide 1.183 release fractions are intended for the TEDE formulation
and the Reg. Guide 1.195 release fractions are intended for the whole body and thyroid dose
formulation, the plate release fractions were used as the base case for a comparison of the two.
Table 5-20 shows the two sets of data. For these simulations the whole body dose from exposure
to external nuclides was defined by the same dose coefficients as the deep dose equivalent. The
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thyroid dose however varied significantly from the CEDE. The dose contributions are shown in
Table 5-21.
Table 5-20 -Comparison of TEDE and whole body and thyroid dose formulations
Parameter Value Parameter Value
Fuel Type LEU Fuel Type LEU
Dose type TEDE Dose type Whole body + Thyroid
Release Fractions Plate Release Fractions Plate
Nominal Power [MW] 7 Nominal Power [MW] 7
Leak. CEDE 8 m [rem] 0.009 Leak. Thyroid 8 m [rem] 0.233
Leak. CEDE 21 m [rem] 0.009 Leak. Thyroid 21 m [rem] 0.232
Leak. DDE 8 m [rem] 0.010 Leak. Whole Body 8 m [rem] 0.010
Leak. DDE 21 m [rem] 0.009 Leak. Whole Body 21 m [rem] 0.009
Gamma DDE 8 m [rem] 0.325 Gamma WB 8 m [rem] 0.476
Gamma DDE 21 m [rem] 0.421 Gamma WB 21 m [rem 0.631
Total DDE 8 m [rem] 0.335 Total Whole Body 8 m [rem] 0.486
Total DDE 21 m [rem] 0.431 Total Whole Body2l m [rem] 0.640
The differences in the gamma dose values come from the different dose coefficients for photons
as discussed in Section 4.4.
Table 5-21 - Comparison of major dose contributors for TEDE and whole body and thyroid dose
formulations
TEDE Whole Body+
Element [rem] Thyroid Dose frem]
Total 0.439 0.872
Kr 0.230 0.348
I 0.050 0.259
Xe 0.142 0.206
Cs 0.008 0.041
Te 0.005 0.011
Rb 0.004 0.006
The dose contributions from krypton and xenon solely affect the whole body or DDE dose levels.
The difference between the two formulations reflects the different gamma photon dose
coefficients used. The contribution from iodine increases from the CEDE formulation to the
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thyroid formulation based on the thyroid dose coefficients for iodine which are particularly high.
It is important to note that the concentrations of nuclides released to the environment and inside
containment were equal in these two calculations, thus the differences in dose levels arise solely
from the different dose coefficients used.
5.5 Impact of Simulation Parameters
This section shows the impact of the various parameters used to construct the simulations.
The effect of the radial peaking factor, the cross-section library and the release fractions was
evaluated.
5.5.1 Effect of Radial Peaking Factor Assumption
From Section 2.2, the radial peaking factor has a direct correlation with the resulting dose
level for any set of release factions used. Reg. Guide 1.183 states that the core inventory
assumed to melt in an accident is the fraction of the core affected times the radial peaking factor
for the core (3). Dose levels can be calculated for a different radial peaking by scaling the dose
levels by the desired peaking factor divided by the reference peaking factor. Figure 5-1 below
shows an example calculation which gives the dose levels as a function of radial peaking factor
for LEU and HEU using the plate release fractions for a 7 MW LEU and 6 MW HEU core.
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Effect of Radial Peaking Factor
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Figure 5-1 - Effect of radial peaking factor
5.5.2 Dose Levels from 100% Release
Dose levels resulting from uniform 100% release fractions from the melted fuel to
containment are listed in Table 5-22 below.
Table 5-22 - Effect of 100% release fractions on TEDE
Parameter Value
Fuel Type LEU LEU
Release Fractions 100% 1.183
Nominal Power [MW] 7 7
Leakage TEDE 8 m [rem] 8.576 0.136
Leakage TEDE 21 m [rem] 8.535 0.135
Gamma DDE 8 m [rem] 4.636 0.939
Gamma DDE 21 m [rem] 6.275 1.283
Total TEDE 8 m [rem] 13.212 1.075
Total TEDE 21 m [rem] 14.810 1.418
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The dose contributions by element are listed in Table 5-23 below. The elements which have the
most dose potential typically have the lowest practical release fractions. Iodine is the first
exception where the volatile nature allows for high release fractions in typical accident analysis.
The values shown here represent the upper bounds for the dose. Since dose per element scales
directly with the release fraction, these values could be used as a reference point to interpolate
dose values from intermediate release fractions from those used in this analysis.
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Table 5-23 - TEDE contributions per element for 100% release fractions at 21 m
Elemnent Dose. [rein
Total 14.810
Pu 3.761
Ce 2.448
I 2.142
La 0.965
Np 0.856
Ru 0.660
Nd 0.539
Sr 0.505
Zr 0.500
Y 0.464
Te 0.373
Cs 0.324
Ba 0.163
Tc 0.160
Kr 0.153
Cm 0.131
Xe 0.123
Pr 0.111
Rb 0.103
Mo 0.096
Sb 0.079
Am 0.059
Pm 0.054
Nd 0.024
Br 0.007
Rh 0.005
Eu 0.004
Sm 0.002
Pd 0.001
Se 0.0004
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5.5.3 Effect of Cross-section library
All of the previous dose levels in this work were calculated using the MITR-specific cross
section library generated by COUPLE2 for this work (see Section 2.1). Dose levels were
calculated using the PWR 33 GWD cross-section library included with the ORIGEN-S software.
Table 5-24 shows a comparison between LEU generated library and the PWR cross section
library while Table 5-25 shows the comparison between HEU library and the PWR cross section
library. These tables show the effects of the harder spectrum in the MITR core. In all cases the
Reg. Guide 1.183 release fractions were used for a burnup level of 4200 MWD.
Table 5-24 - TEDE comparison between MIT LEU cross section library and PWR cross section library
Parameter Value
Fuel Type LEU LEU
Cross-section library MIT LEU PWR
Release Fractions RG 1.183 RG 1.183
Nominal Power [MW] 7 7
Leakage TEDE 8 m [rem] 0.136 0.134
Leakage TEDE 21 m [rem] 0.135 0.133
Gamma DDE 8 m [rem] 0.939 0.978
Gamma DDE 21m [rem] 1.283 1.334
Total TEDE 8 m [rem] 1.075 1.111
Total TEDE 21 m [rem] 1.418 1.467
Table 5-25 - TEDE comparison between MIT HEU and PWR cross section libraries
Parameter Value
Fuel Type HEU HEU
Cross-section library MIT HEU PWR
Release Fractions RG 1.183 RG 1.183
Nominal Power [MW] 6 6
Leakage TEDE 8 m [rem] 0.109 0.108
Leakage TEDE 21 m [rem] 0.109 0.108
Gamma DDE 8 m [rem] 0.762 0.906
Gamma DDE 21 m [rem] 1.042 1.237
Total TEDE 8 m [rem] 0.871 1.014
Total TEDE 21 m [rem] 1.151 1.345
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The dose contributions for the LEU fuel simulations are shown in Table 5-26 below. The
major difference is the contributions from krypton, where the PWR cross section library yields
higher levels of krypton formation. The iodine and xenon dose contributions are approximately
equal for the two libraries. The order of magnitude larger Pu concentration calculated by the
MITR LEU library than the PWR library did not contribute significantly to the total dose (See
Section 2.1.3).
Table 5-26 - TEDE contributions per element using MIT LEU and PWR cross-sectional libraries
AM LEU. PWR
Element Dose [rem] Dose [rem]
Total 1.418 1.467
I 0.888 0.892
Kr 0.218 0.252
Xe 0.140 0.139
Cs 0.106 0.108
Rb 0.044 0.056
Te 0.010 0.010
Sr 0.003 0.003
Br 0.003 0.003
Pu 0.002 0.0004
Ru 0.001 0.001
Ce 0.001 0.001
Ba 0.001 0.001
5.6 Comparison to Previous Work
A simulation was run in order to compare the results Li obtained to equivalent results
generated by ORIGEN-S for the same assumptions Li used. The assumptions include the same
release fractions, the same natural depletion methodology, a 6 MW power level, and the same
radial peaking factor of 1.45. The MIT HEU cross section library was used with 4200 MWD of
irradiation. The whole body and thyroid dose levels were calculated using the current
methodology rather than the same methodology Li used. The results are shown in Table 5-27.
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Table 5-27 - Comparison to Li's results
Parameter Value
Model Li Results MIT HEU
Nominal Power [MW] 6 6
Thyroid 8 m 0.135 1.060
Thyroid 21 m 0.134 1.055
Whole Body 8 m 0.017 0.015
Whole Body 21 m 0.017 0.015
Gamma WB 8 m 0.747 0.915
Gamma WB 21 m 1.044 1.260
Total Whole Body 8 m 0.764 0.929
Total Whole Body2l m 1.060 1.275
The total dose contributions by isotope are listed below with an indicator if the nuclide was
not included by Li in her analysis.
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Table 5-28 - Dose contributions by isotope for ORIGEN-S simulation of Li's results at 21 m
Not included
Isotope Dosereml by Li
Total 2.328
1-131 0.683
1-133 0.328
1-134 0.254
Kr-88 0.227
1-132 0.173
1-135 0.155
Cs-138 0.111 X
Te-132 0.091
Kr-87 0.066
Xe-138 0.059
Xe-135 0.043
Rb-88 0.032 X
Rb-89 0.028 x
Xe-135m 0.020
Kr-85m 0.015
Te-134 0.011
Cs-134 0.006
Te-133m 0.005
Kr-89 0.004 x
Xe-137 0.003 x
Te-131m 0.003
Br-84 0.002
Cs-139 0.002 x
Te-131 0.002
Xe-133 0.002
Cs-137 0.002
Te-133 0.001 x
Rb-90 0.001 x
The differences in the gamma dose can be traced to the differences in the gamma source term
as discussed in Section 4.3. Overall, the list of photon yield fractions Li used was not complete
and under predicted the extent of the gamma source term. Li included almost all of the major
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dose contributors in her analysis. The most significant dose contributor she neglected was Cs-
138, followed by Rb-88 and Rb-89, however the total dose contributions from the primary
nuclides not included in her analysis accounted for less than 8% of the total dose.
There is a large discrepancy in the thyroid results, where the current simulations yield dose
levels almost an order of magnitude larger than the dose levels calculated in the past. The
thyroid dose contributions by nuclide are listed in Table 5-29 below. The most significant
difference is the dose coefficient CD for 1-131 which is an order of magnitude greater for the
current analysis than the value Li used. The total core activities of 1-131 and 1-133 are also 19%
and 5% greater for the ORIGEN-S simulation.
Table 5-29 - Dose contributions from simulation using Li's assumptions at 21 m
Total 1.059
1-131 0.662 1.30E+05 1.55E+05 1.30E+05 1.08E+06
1-133 0.251 3.37E+05 3.55E+05 1.20E+05 1.80E+05
Te-132 0.085 2.28E+05 2.30E+05 4.80E+04 2.32E+05
1-135 0.039 3.06E+05 3.34E+05 4.30E+04 3.13E+04
1-132 0.007 2.28E+05 2.31E+05 6.60E+03 6.44E+03
1-134 0.003 3.98E+05 4.15E+05 1.10E+03 1.07E+03
Te-131m 0.003 2.28E+04 1.28E+04 4.50E+03 1.34E+05
Cs-134 0.002 3.43E+05 1.42E+04 5.80E+02 4.11E+04
Cs-137 0.0016 2.77E+05 1.38E+04 3.60E+02 2.93E+04
Te-133m 0.0015 2.39E+05 1.28E+04 0.OOE+00 2.19E+03
Te-131 0.0013 1.50E+05 1.44E+05 0.OOE+00 9.84E+03
Cs-138 0.0011 0.OOE+00 3.56E+05 0.OOE+00 1.32E+01
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5.7 Compliance with Regulatory Limits
The NRC regulatory values are discussed in Section 1.3. NUREG-1537 defines the public
dose limits from a maximum hypothetical accident at a research reactor as 0.5 rem TEDE, or 0.5
rem whole body and 3rem TEDE. The NRC does not dictate all of the assumptions for analysis
of MHAs at research reactor, thus the currently accepted methodology presented in the MIT
SAR was used as the basis for comparison with the current data.
The current MIT SAR uses a two step release fraction assumption with a fuel to coolant and
a coolant to containment release fraction. The fuel to coolant release fractions were taken from
Li's work, and the coolant to containment fractions were developed using an evaporation
calculation in the SAR. Thus, the most applicable data to be presented to the NRC is the data
from the plate release fractions. These release fractions use an updated version of the fuel to
coolant release fractions Li used as well as the MIT SAR evaporation coolant to containment
release fraction.
The TEDE dose levels from plate release fractions are shown in Table 5-30, while the whole
body and thyroid dose levels appear in Table 5-31. The TEDE values are within the stated upper
regulatory limit for both the HEU and LEU accident scenarios.
Table 5-30 -Comparison of TEDE results to regulatory value
Results Regulatory
Parameter Limit
Fuel Type HEU LEU
Dose type TEDE
Release Fractions Plate
Nominal Power [MW] 6 7
Leakage CEDE 8 m [rem] 0.007 0.009
Leakage CEDE 21 m [rem] 0.007 0.009
Leakage DDE 8 m [rem] 0.008 0.0101
Leakage DDE 21 m [rem] 0.008 0.009
Gamma DDE 8 m [rem] 0.265 0.325
Gamma DDE 21 m [rem] 0.346 0.421
Total TEDE 8 m [rem] 0.281 0.344 0.500
Total TEDE 21 m [rem] 0.361 0.440 0.500
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Table 5-31 - Comparison of whole body and thyroid dose levels to regulatory values
Fuel Type HEU I LEU
Dose type Whole body + Thyroid
Release Fractions Plate
Nominal Power [MW] 6 7
Leakage Thyroid 8 m [rem] 0.179 0.233 3.000
Leakage Thyroid 21 m [rem] 0.178 0.232 3.000
Leakage Whole Body 8 m [rem] 0.008 0.010
Leakage Whole Body 21 m [rem] 0.008 0.009
Gamma WB 8 m [rem] 0.390 0.476
Gamma WB 21 m [rem] 0.521 0.631
Total Whole Body 8m [rem] 0.398 0.486 0.500
Total Whole Body2lm [rem] 0.529 0.640 0.500
The whole body dose is above the stated regulatory limit for both the HEU and LEU accident
scenarios. The increased whole body gamma dose compared with the DDE comes from the
difference in the gamma dose coefficients as discussed in Section 4.4. Table 5-8 gives the dose
contributions by element for this simulation. The dose values from krypton and xenon alone
contributed dose in excess of the regulatory limit for the LEU simulation. Every set of release
fractions defined by the NRC as well as release fractions calculated from melt tests conclude that
the noble gases will have 100% release from the fuel to containment (2)(15). Since these release
fractions are bounded at 100%, the dose levels may only be calculated within regulatory values
through changing other aspects of the methodology, such as the dose coefficients or the gamma
flux methodology derived by Mull.
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6 Summary
6.1 Conclusions
The primary goal of this work was to calculate the expected dose implications of the fuel
conversion project at the MITR during the maximum hypothetical accident. The maximum
hypothetical accident at the MITR is a coolant flow blockage in the hot channel of the reactor.
The affected plates are assumed to melt, release fission products to the reactor coolant and then
to containment.
The major aspects of calculating dose levels were establishing the core inventory, evaluating
the release fractions from the fuel to containment, determining the strength and resultant dose
from the gamma source term inside containment, and calculating the release, dispersion, and
resultant dose from nuclides which escape containment to the environment.
The core inventory was developed using the ORIGEN-S depletion module from SCALE 6.0.
The ORIGEN-S model was linked to the MITR core via an early release of the COUPLE code of
SCALE 6.1 using the flux spectrum from the MCODE model of the MITR core. A number of
different release fractions were used in this analysis, including release fractions specific to plate-
type fuel as well as release fractions modified from the NRC Regulatory Guides.
The dose paths analyzed included exposure to airborne nuclides as well as direct and
scattered gamma dose from the source term inside containment. Nuclides were released from
containment to the atmosphere from pressure venting through the stack as well as building
leakage. Direct gamma radiation either penetrated through the steel containment dome, or
through the concrete and steel shadow shield on the sides of containment. The scattered
radiation interacted with either the steel containment dome or the air. The gamma source term
was generated from the ORIGEN-S decay simulations of the isotopes within containment, which
significantly enhanced the source term used in previous analyses.
The Total Effective Dose Equivalent (TEDE) was calculated along with the whole body and
thyroid doses. Since the TEDE source term incorporates 31 elements, including the actinides,
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rather than the whole body and thyroid dose source term which only incorporates the noble gases
and iodine, the TEDE levels were of primary importance in this work.
The dose implications of the conversion were calculated over a number of system
parameters. The primary comparison was between LEU fuel operating at 7 MW and HEU fuel
operating at 6 MW. The greater LEU thermal power was used in order to maintain equivalent
total flux levels in the experimental ports. The comparison of the dose levels using the plate-
type fuel release fractions represented the best set of assumptions to present to the NRC for the
dose implications of the conversion project, shown again in Table 6-1. The LEU dose levels
were 22% higher than the HEU dose levels, however both dose levels were within the NRC
regulatory value of 0.500 rem.
Table 6-1 - Dose implications of MITR fuel conversion project
Parameter Value
Fuel Type LEU HEU
Release Fractions Plate Plate
Nominal Power [MW] 7 6
Leakage TEDE 8 m [rem] 0.018 0.015
Leakage TEDE 21 m [rem] 0.018 0.015
Gamma DDE 8 m [rem] 0.325 0.265
Gamma DDE 21 m [rem] 0.421 0.346
Total TEDE 8 m [rem] 0.344 0.281
Total TEDE 21 m [rem] 0.440 0.361
6.2 Future Work
6.2.1 Core Inventory Improvements
The core inventory estimate for the melted fuel can be improved by updating MCODE to use
ORIGEN-S as the depletion code rather than ORIGEN2. Core inventories could be used directly
from the MCODE model rather than from separate simulations as was done here. The MCODE
model has fuel management capabilities which cycles fuel elements through the core. This
model could be used to extract the fission product inventory from individual plates and elements
rather than using core averages and the radial peaking factor to estimate the inventory in the fuel
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plates with the highest burnup. This would yield a more accurate estimate of the core inventory
to use for dose calculations.
6.2.2 Release Fraction Improvements
The release fractions used in this work depend on a number of very conservative assumptions
which could be updated to yield more accurate predictions. The fuel to coolant release fractions
were taken from melt tests on plate-type fuel, however the results from the tests show a
dependency on the temperature and the time at maximum temperature. Thus far there has not
been analysis to predict the time scale of the MITR MHA or the temperature of the melted fuel in
the core. Specific release fractions could also be obtained from a melt test of the U-Mo fuel.
Results from these tests would be most useful if the release fractions could be given as a function
of the parameters specific to the MITR accident progression, such as temperature and time at
melt temperature. The most significant elements for dose implications are krypton, xenon, and
iodine.
The coolant to containment release fractions could also be improved with more accurate
assumptions for the MITR MHA. The current release fractions were calculated with the
assumption that the primary shield lid was not on the core tank, which is an overly conservative
assumption for the postulated accident. The chemical interactions and volatility of fission
products was not directly analyzed in this work, though the very conservative evaporation
assumption accounts for evaporation rates 10 times the predicted values. The chemical
interactions are most important for the iodine release fraction. It would also be useful to
calculate the coolant system retention from the core tank lid, specifically leakage rates to
containment. If there is a delay between when the fuel melts and the fission products reach
containment, the high dose rates at the onset of the accident could be reduced by negating the
contributions of the short-lived nuclides.
6.2.3 Dose Calculation Improvements
There is significant room for improvement in the gamma dose methodology due to the
improvements in radiation interaction modeling since the time of Mull's work. Current 3D
modeling techniques are able to remove many of the assumptions Mull used when he derived the
flux relationships, which would yield a more accurate estimate of the dose at the exclusion area
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boundary. Additional NRC guidance on the appropriate dose coefficients for the gamma dose
calculation would also clarify the discrepancy between the whole body and effective dose
equivalent formulations shown in this work.
Occupational exposure was not directly considered by this work, however the dose at the
fence represents the dose other research reactors defined as the occupational exposure. Control
room dose based on building evacuation time could be calculated as well.
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Appendix A: Dose Calculation Parameters
A.1 Dose Tables
Table A-1 - Attenuation and absorption coefficients (4)
0.030 0.148 0.148
0.040 0.0668 0.0668
0.050 0.0668 0.0668
0.060 0.0406 0.0406
0.080 0.0305 0.0305
0.100 0.0234 0.0243
0.150 0.025 0.025
0.200 0.0268 0.0268
0.300 0.0287 0.0287
0.400 0.0295 0.0295
0.500 0.0297 0.0297
0.600 0.0296 0.0297
0.800 0.0289 0.0297
1.000 0.028 0.0297
1.500 0.0256 0.0297
2.000 0.0237 0.0297
3.000 0.0211 0.0297
4.000 0.0195 0.0297
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Table A-2 - Shield thickness in mean free paths (4)
Gamma Energy E [MeV] Concrete, b Steel, b1 Total, b2
0.03 160.4 56.9 217.3
0.04 79.9 25 104.9
0.05 51.7 13.3 65.0
0.06 39.2 8.17 47.4
0.08 28.7 3.98 32.7
0.10 24.5 2.48 27.0
0.15 20.1 1.34 21.4
0.20 17.9 1.02 18.9
0.30 15.3 0.78 16.1
0.40 13.7 0.672 14.4
0.50 12.5 0.604 13.1
0.60 11.6 0.555 12.2
0.80 10.1 0.485 10.6
1.00 9.15 0.437 9.59
1.50 7.50 0.354 7.85
2.00 6.41 0.31 6.72
3.00 5.23 0.262 5.49
4.00 4.85 0.241 5.09
Table A-3 - Point isotropic source exposure build-up factors for iron (steel) (4)
Steel shield Point Build-up Factor Data as Resulting
Gamma Energy thickness, b, Function of ShieldTickness Buildup
E [MeVJ (MeV) (p) B(p =1) B(jb' B p=3) Factor, B
0.100 2.48 1.5 2.2 3.1 2.63
0.150 1.34 1.75 2.65 4.2 2.06
0.200 1.02 2 3.1 5.3 2.02
0.300 0.78 2.05 3.15 5.8 1.60
0.400 0.672 2.1 3.3 6 1.41
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Table A-4 - Coefficients of the Taylor exposure build-up factor formula (4)
0.10 139.581 -0.04127 -0.02927 0 0 0
0.15 97.722 -0.08301 -0.06400 0 0 0
0.20 87.841 -0.10004 -0.07912 0 0 0
0.30 80.500 -0.10500 -0.08400 0 0 0
0.40 46.604 -0.10489 -0.07132 0 0 0
0.50 67.372 -0.09198 -0.07061 31.379 -0.06842 -0.03742
0.60 70.000 -0.08400 -0.06500 30.095 -0.06694 -0.03486
0.80 65.788 -0.07061 -0.05247 27.529 -0.06390 -0.02975
1.00 77.791 -0.05818 -0.04420 24.957 -0.06086 -0.02463
1.50 15.189 -0.06012 0.00252 21.290 -0.05357 -0.01495
2.00 17.122 -0.04488 0.00418 17.622 -0.04627 -0.00526
3.00 13.758 -0.02849 0.02761 13.218 -0.04431 -0.00087
4.00 14.224 -0.02223 0.02316 9.624 -0.04698 0.00175
Table A-5 - Values of the functions G(1,p,Ob 2 ') and G(1,p,O,b2") (4)
Gamma Energy E G (b2') G (b2 ") G(b2) G(b2")
[MeV] b' b2" p = 1.75 p - 1.75 p = 2.90 p = 2.90
0.100 25.9 26.2 5.40E-13 3.85E-13 4.50E-13 3.60E-13
0.150 19.6 20 3.90E-10 2.62E-10 3.05E-10 2.07E-10
0.200 17 17.4 6.OOE-09 3.90E-09 4.60E-09 3.OOE-09
0.300 14.4 14.7 9.40E-08 6.80E-08 6.90E-08 5.OOE-08
0.400 12.9 13.4 4.40E-07 2.60E-07 3.20E-07 1.90E-07
0.500 11.9 12.2 1.25E-06 9.20E-07 8.80E-06 6.40E-06
0.600 11.2 11.4 2.70E-06 2.20E-06 1.80E-06 1.50E-06
0.800 9.85 10 1.15E-05 9.84E-06 7.40E-06 6.23E-06
1.000 9.03 9.17 2.80E-05 2.40E-05 1.70E-05 1.55E-05
1.500 7.38 7.87 1.70E-04 9.60E-05 9.20E-05 5.60E-05
2.000 6.42 6.75 4.50E-04 3.20E-04 2.45E-04 1.80E-04
3.000 5.33 5.64 1.55E-03 1.05E-03 7.80E-04 5.60E-04
4.000 4.74 4.93 2.95E-03 2.45E-03 1.45E-03 1.15E-03
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Table A-6 - Air scattering input parameters (4)
fa [Radians] #b [Radians] ob [radians] x [cm] I'[m] R [m]
8m
Upper 0.349 0.314 2270 -----
Point 1 0.544 0.486 0.395 2080 1.600 10.800
Point 2 0.668 0.636 0.245 1980 4.800 11.700
Point 3 0.730 0.794 0.086 1930 8.000 13.300
21m
Upper 0.138 0.07 3430 ----- ----
Point 1 0.399 0.184 0.250 3300 1.600 10.800
Point 2 0.572 0.285 0.149 3240 4.800 11.700
Point 3 0.694 0.384 0.050 3200 8.000 13.300
Table A-7 - Steel scattering input parameters (4)
A [Radians] k[Radians] # [Radians] 2 [Radians] r[cm] r2 [cmL
8m
Upper 0.349 0.679 0.314 0.39 1130 1610
Point 1 0.544 0.95 0.486 0.563 1190 1700
Point 2 0.668 1.035 0.636 0.713 1340 1710
Point 3 0.73 1.066 0.794 0.872 1510 1740
21m
Upper 0.138 1.941 0.07 0.132 700 3600
Point 1 0.399 1.821 0.184 0.248 970 3600
Point 2 0.572 1.72 0.285 0.349 1230 3600
Point 3 0.694 1.621 0.384 0.448 1460 3600
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Table A-8 - Parameters for truck lock dose (4)
0.100 4 6.63 3.90E-02
0.150 3.9 3.58 3.05E-02
0.200 3.8 2.72 2.55E-02
0.300 3.3 2.09 2.00E-02
0.400 3.1 1.8 1.65E-02
0.500 2.67 1.62 1.45E-02
0.600 2.47 1.48 1.30E-02
0.800 2.22 1.3 1.08E-02
1.000 2.04 1.17 9.40E-03
1.500 1.78 0.947 7.40E-03
2.000 1.63 0.828 6.20E-03
3.000 1.39 0.701 4.80E-03
4.000 1.29 0.645 4.10E-03
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Table A-9 - Dose coefficients from exposure to airborne nuclides (23)(24)
Nuclide DDE (24) CEDE (24) Whole body (23) Thyroid (23)
ID [rem-m3/Ci-sj [rem/Ci] [rem-m3/Ci-s] [renCi]
340700 0.17507 175.75 0.17507 34.632
340730 0.19098 458.8 0.19098 107.3
340731 0.0433 46.25 0.0433 9.472
340750 0.06847 8473 0.06847 3152.4
340771 0.01492 0 0.01492 0
340790 1.1E-06 9842 1.1E-06 2512.3
340810 0.00194 22.237 0.00194 1.1618
340811 0.00229 88.43 0.00229 7.807
340830 0.44784 54.76 0.44784 8.251
350740 0.88088 86.21 0.88088 14.615
350741 0.76984 163.91 0.76984 28.268
350750 0.21615 130.98 0.21615 27.454
350760 0.49596 1598.4 0.49596 580.9
350770 0.05589 276.02 0.05589 155.4
350800 0.01425 28.194 0.01425 1.5503
350801 0.00115 392.2 0.00115 66.97
350820 0.48115 1528.1 0.48115 880.6
350830 0.00141 89.17 0.00141 12.173
350840 0.34828 96.57 0.34828 11.544
360740 0.2069 0 0.2069 0
360760 0.07513 0 0.07513 0
360770 0.17988 0 0.17988 0
360790 0.04478 0 0.04478 0
360810 0.00099 0 0.00099 0
360811 0.02273 0 0.02273 0
360831 5.6E-06 0 5.6E-06 0
360850 0.00044 0 0.00044 0
360851 0.02768 0 0.02768 0
360870 0.15249 0 0.15249 0
360880 0.37752 0 0.37752 0
370790 0.24095 49.21 0.24095 5.661
370800 0.22466 0 0.22466 0
370810 0.10955 129.87 0.10955 38.11
370811 0.0007 20.091 0.0007 4.995
370820 0.19616 0 0.19616 0
370821 0.52927 289.71 0.52927 161.69
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370830 0.08846 4921 0.08846 4070
370840 0.16544 6512 0.16544 5328
370860 0.0178 6623 0.0178 4921
370870 6.7E-06 3233.8 6.7E-06 2649.2
370880 0.12436 87.32 0.12436 5.069
370890 0.39232 42.92 0.39232 5.957
380800 2.4E-05 503.2 2.4E-05 4.81
380810 0.24724 84.36 0.24724 9.176
380820 2.4E-05 13394 2.4E-05 4477
380830 0.14287 1520.7 0.14287 214.6
380850 0.08957 5032 0.08957 1424.5
380851 0.03886 8.51 0.03886 2.4494
380871 0.05626 42.92 0.05626 7.807
380890 0.00029 6512 0.00029 1539.2
380900 2.8E-05 239390 2.8E-05 9768
380910 0.12769 1661.3 0.12769 150.96
380920 0.25131 806.6 0.25131 81.03
390860 0.66251 1720.5 0.66251 183.89
390861 0.03923 99.53 0.03923 10.434
390870 0.07958 1753.8 0.07958 167.98
390880 0.50706 28083 0.50706 9694
390900 0.0007 8436 0.0007 35.224
390901 0.11141 469.9 0.11141 9.768
390910 0.00096 32264 0.00096 407
390911 0.09438 36.334 0.09438 2.3051
390920 0.04812 780.7 0.04812 13.653
390930 0.01777 2153.4 0.01777 18.722
390940 0.20801 69.93 0.20801 2.4716
390950 0.17729 37.74 0.17729 1.2802
400860 0.04737 2197.8 0.04737 370
400880 0.06958 24346 0.06958 8584
400890 0.21023 2371.7 0.21023 503.2
400930 0 32079 0 64.38
400950 0.13324 23643 0.13324 5328
400970 0.03338 4329 0.03338 353.72
410880 0.74764 25.197 0.74764 2.8416
410890 0.34273 381.1 0.34273 23.828
410900 0.80315 2290.3 0.80315 203.13
410931 1.6E-05 3211.6 1.6E-05 112.48
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410940 0.28499 36112 0.28499 82140
410950 0.13842 5809 0.13842 1324.6
410951 0.01084 2438.3 0.01084 142.82
410960 0.44784 2290.3 0.44784 217.93
410970 0.1177 82.88 0.1177 4.958
410971 0.13139 0 0.13139 0
410980 0.44784 122.47 0.44784 10.989
420900 0.14546 1235.8 0.14546 214.23
420930 9.3E-05 1006.4 9.3E-05 261.22
420931 0.41823 291.56 0.41823 104.71
420990 0.02694 2005.4 0.02694 432.9
421010 0.25427 41.44 0.25427 3.848
430930 0.27315 71.04 0.27315 225.7
430931 0.13805 33.522 0.13805 112.11
430940 0.48115 268.99 0.48115 1084.1
430941 0.33977 140.97 0.33977 592
430950 0.14212 250.12 0.14212 902.8
430951 0.11955 3885 0.11955 2623.3
430960 0.45154 2375.4 0.45154 4218
430961 0.00829 23.162 0.00829 56.61
430970 0.00012 122.1 0.00012 488.4
430971 0.00017 4884 0.00017 3996
430980 0.2539 22866 0.2539 12432
430990 6E-06 8325 6E-06 4477
430991 0.0218 32.56 0.0218 185.37
431010 0.05959 17.908 0.05959 28.564
431040 0.37382 82.14 0.37382 166.5
440940 0.09401 132.46 0.09401 20.313
440970 0.04034 269.73 0.04034 105.82
441030 0.08328 8954 0.08328 2208.9
441050 0.14101 45.51 0.14101 55.5
441060 0 477300 0 50690
450990 0.10548 3093.2 0.10548 1106.3
450991 0.12177 86.58 0.12177 22.163
451000 0.52186 1387.5 0.52186 345.58
451010 0.04478 39590 0.04478 7474
451011 0.05219 747.4 0.05219 201.28
451020 0.38492 119880 0.38492 48840
451021 0.0855 47730 0.0855 8399
145
451031 3.3E-05 5.106 3.3E-05 0.31413
451050 0.01377 954.6 0.01377 95.09
451060 0.03849 0 0.03849 0
451061 0.53297 213.49 0.53297 47.36
451070 0.05552 24.161 0.05552 1.5725
461000 0.01721 3922 0.01721 444
461010 0.05663 186.11 0.05663 17.797
461030 0.00028 1568.8 0.00028 15.133
461070 0 12765 0 3.4965
461090 0.00093 1095.2 0.00093 29.933
511150 0.15989 26.048 0.15989 3.737
511160 0.39973 23.199 0.39973 3.4817
511161 0.57368 76.59 0.57368 20.387
511170 0.0295 25.086 0.0295 3.6408
511181 0.47005 262.33 0.47005 79.92
511190 0.0008 210.53 0.0008 16.095
511200 0.45154 13.098 0.45154 973.1
511220 0.07883 5143 0.07883 414.4
511240 0.33866 25160 0.33866 2493.8
511241 0.06292 10.36 0.06292 1.3394
511250 0.07476 12210 0.07476 1198.8
511260 0.50706 11729 0.50706 1879.6
511261 0.27759 33.929 0.27759 4.181
511270 0.12325 6031 0.12325 555
511280 0.55888 17.575 0.55888 192.4
511290 0.26426 643.8 0.26426 76.59
511300 0.59219 103.6 0.59219 16.761
511310 0.3468 143.56 0.3468 2160.8
521160 0.00848 265.66 0.00848 46.99
521210 0.09993 1905.5 0.09993 673.4
521211 0.03664 15947 0.03664 4144
521230 0.0008 10545 0.0008 18.611
521231 0.02409 10582 0.02409 888
521251 0.00168 7289 0.00168 367.41
521270 0.0009 318.2 0.0009 23.902
521271 0.00054 21497 0.00054 884.3
521290 0.01018 89.54 0.01018 6.031
521291 0.00574 23939 0.00574 1461.5
521310 0.0755 477.3 0.0755 9842
146
521311 0.25945 6401 0.25945 133570
521320 0.03812 9435 0.03812 232360
521330 0.17025 92.13 0.17025 2186.7
521331 0.42193 432.9 0.42193 9731
521340 0.15693 127.28 0.15693 2057.2
531200 0.51076 444 0.51076 5735
531201 0.98081 264.55 0.98081 2160.8
531210 0.0718 118.77 0.0718 2789.8
531220 0.16877 0 0.16877 0
531230 0.02694 296.37 0.02694 8325
531240 0.19912 19351 0.19912 625300
531250 0.00193 24161 0.00193 799200
531260 0.07958 44400 0.07958 1457800
531280 0.0154 47.36 0.0154 197.58
531290 0.00141 173530 0.00141 5772000
531300 0.38492 2641.8 0.38492 73630
531310 0.06736 32893 0.06736 1080400
531320 0.41453 381.1 0.41453 6438
531321 0.05663 299.7 0.05663 6105
531330 0.10881 5846 0.10881 179820
531340 0.48115 131.35 0.48115 1065.6
531350 0.29535 1228.4 0.29535 31302
541200 0.0718 0 0.0718 0
541210 0.33829 0 0.33829 0
541220 0.0091 0 0.0091 0
541230 0.11215 0 0.11215 0
541250 0.04404 0 0.04404 0
541270 0.04626 0 0.04626 0
541291 0.00392 0 0.00392 0
541311 0.00144 0 0.00144 0
541330 0.00577 0 0.00577 0
541331 0.00507 0 0.00507 0
541350 0.04404 0 0.04404 0
541351 0.0755 0 0.0755 0
541380 0.21356 0 0.21356 0
551250 0.11918 41.44 0.11918 6.327
551260 0.19394 0 0.19394 0
551270 0.07143 58.83 0.07143 26.196
551280 0.15989 0 0.15989 0
147
551290 0.04589 158.73 0.04589 96.2
551300 0.09068 29.859 0.09068 3.4336
551310 0.00121 166.5 0.00121 111
551320 0.12362 1228.4 0.12362 1010.1
551340 0.28018 46250 0.28018 41070
551341 0.00335 43.66 0.00335 12.358
551350 2.1E-06 4551 2.1E-06 4440
551351 0.28721 24.716 0.28721 11.1
551360 0.39232 7326 0.39232 6401
551370 2.9E-05 31931 2.9E-05 29341
551380 0.44784 101.38 0.44784 13.209
561260 0.02602 367.04 0.02602 28.083
561280 0.01059 303.4 0.01059 331.15
561310 0.07772 66.97 0.07772 170.94
561311 0.01125 4.625 0.01125 0.35927
561330 0.06588 7807 0.06588 3696.3
561331 0.0097 621.6 0.0097 49.21
561351 0.00859 503.2 0.00859 36.741
561371 0.10659 0 0.10659 0
561390 0.00803 171.68 0.00803 8.88
561400 0.03176 3737 0.03176 947.2
561410 0.15397 80.66 0.15397 4.921
561420 0.19061 41.07 0.19061 4.699
571310 0.11622 51.8 0.11622 7.178
571320 0.37012 547.6 0.37012 70.67
571340 0.12399 0 0.12399 0
571350 0.00341 59.2 0.00341 4.107
571370 0.0015 23199 0.0015 9213
571380 0.22947 356310 0.22947 308950
571400 0.43304 4847 0.43304 451.4
571410 0.00885 580.9 0.00885 34.78
571420 0.53297 253.08 0.53297 32.338
571430 0.01917 58.46 0.01917 2.8897
581340 0.00174 8177 0.00174 177.23
581350 0.31608 1587.3 0.31608 114.7
581370 0.00326 41.81 0.00326 0.9324
581371 0.00725 1413.4 0.00725 12.432
581390 0.02491 9065 0.02491 614.2
581410 0.0127 8954 0.0127 170.57
148
581430 0.04775 3389.2 0.04775 44.77
581440 0.00316 373700 0.00316 6956
591360 0.38122 24.716 0.38122 1.7982
591370 0.08735 47.73 0.08735 2.5271
591380 0.14509 0 0.14509 0
591381 0.44784 135.05 0.44784 21.016
591390 0.01914 57.72 0.01914 2.4938
591420 0.01166 2882.3 0.01166 2.4827
591421 0 36.926 0 0.031487
591430 7.8E-05 8103 7.8E-05 0.000006216
591440 0.00722 43.29 0.00722 0.031339
591441 0.00103 0 0.00103 0
591450 0.00272 673.4 0.00272 0.29452
591470 0.1536 30.414 0.1536 0.8029
601360 0.047 115.44 0.047 7.622
601380 0.0047 1028.6 0.0047 15.281
601390 0.07032 21.201 0.07032 1.0656
601391 0.2824 373.7 0.2824 35.446
601410 0.01066 10.286 0.01066 0.5291
601411 0.13694 0 0.13694 0
601470 0.02291 6845 0.02291 71.78
601490 0.06699 223.85 0.06699 2.3088
601510 0.16581 31.191 0.16581 0.9176
611410 0.13324 31.672 0.13324 1.0952
611420 0.15619 0 0.15619 0
611430 0.05404 10878 0.05404 2863.8
611440 0.27685 53650 0.27685 18426
611450 0.00262 30451 0.00262 691.9
611460 0.13287 146520 0.13287 23421
611470 2.6E-06 39220 2.6E-06 0.07326
611480 0.10696 10915 0.10696 157.99
611481 0.35827 22570 0.35827 3885
611490 0.002 2934.1 0.002 1.3653
611500 0.26537 362.23 0.26537 13.098
611510 0.05589 1750.1 0.05589 24.753
621410 0.25427 30.673 0.25427 1.3653
621411 0.35938 58.46 0.35938 3.811
621420 0.01403 215.34 0.01403 4.255
621450 0.00596 11026 0.00596 276.02
149
621460 0 82510000 0 0
621470 0 74740000 0 0
621510 1.3E-07 29970 1.3E-07 0.04884
621530 0.00844 1964.7 0.00844 5.587
621550 0.01721 25.123 0.01721 0.1369
621560 0.0201 699.3 0.0201 2.3421E+25
631450 0.26722 2741.7 0.26722 440.3
631460 0.45524 3885 0.45524 651.2
631470 0.08587 3533.5 0.08587 473.6
631480 0.39232 14319 0.39232 3959
631490 0.00833 1887 0.00833 119.51
631500 0.26537 268250 0.26537 60310
631520 0.20912 220890 0.20912 30525
631521 0.05256 817.7 0.05256 9.62
631540 0.22725 286010 0.22725 26418
631550 0.00922 41440 0.00922 888
631560 0.24983 14134 0.24983 799.2
631570 0.0433 1113.7 0.0433 11.248
631580 0.19505 93.98 0.19505 3.108
932320 0.21467 1254.3 0.21467 1.4097
932330 0.01425 2.1719 0.01425 0.2257
932340 0.2687 2031.3 0.2687 253.45
932350 0.00019 4144 0.00019 11.581
932360 0.01984 103970000 0.01984 23273
932370 0.00381 540200000 0.00381 49580
932380 0.10067 37000 0.10067 90.65
932390 0.02846 2508.6 0.02846 28.194
932400 0.23354 81.4 0.23354 7.326
932401 0.05996 0 0.05996 0
942340 0.01055 27380 0.01055 108.04
942350 0.01451 2.2829 0.01451 0.17131
942360 2.4E-05 144300000 2.4E-05 6882
942370 0.00748 1972.1 0.00748 80.66
942380 1.8E-05 392200000 1.8E-05 3559.4
942390 1.6E-05 429200000 1.6E-05 3341.1
942400 1.8E-05 429200000 1.8E-05 3348.5
942410 2.7E-07 8251000 2.7E-07 45.88
942420 1.5E-05 410700000 1.5E-05 3252.3
942430 0.00381 164.28 0.00381 1.7834
150
942440 1.1E-05 403300000 1.1E-05 67340
942450 0.07365 1313.5 0.07365 22.385
942460 0.02224 21904 0.02224 455.1
952370 0.06292 23.939 0.06292 2.1349
952380 0.16026 858.4 0.16026 6.66
952390 0.03849 458.8 0.03849 10.619
952400 0.18506 1835.2 0.18506 156.88
952410 0.00303 444000000 0.00303 5920
952420 0.00228 58460 0.00228 9.324
952421 0.00012 425500000 0.00012 20.868
952430 0.00807 440300000 0.00807 30673
952440 0.14249 16539 0.14249 35.779
952441 0.00023 703 0.00023 0.4181
952450 0.0054 80.66 0.0054 1.1137
952460 0.1214 43.29 0.1214 2.8675
952461 0.18617 33.374 0.18617 2.3606
962380 0.01203 5328 0.01203 75.11
962400 2.2E-05 8029000 2.2E-05 2934.1
962410 0.0855 146890 0.0855 680.8
962420 2.1E-05 17279000 2.1E-05 3481.7
962430 0.02176 307100000 0.02176 14171
962440 1.8E-05 247900000 1.8E-05 3737
962450 0.01466 455100000 0.01466 13616
962460 1.7E-05 451400000 1.7E-05 8362
962470 0.05552 414400000 0.05552 53650
962480 1.3E-05 1653900000 1.3E-05 1742700
962490 0.00346 193.14 0.00346 0.7585
962500 0 9398000000 0 13727000
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Appendix B: Input Files
B.1 COUPLE2 Input Files
LEU Input File
=couple2
cross sections from 238-group JEFF-3.0/A *
* thermal spectrum and yields *
-1$$ 990000 e
0$$ a3 80 a4 25 a6 33 e
1$$ 0001 al 9022 a12 922350 a140 18 a168 0238 e t
7$$ 902320 912310 912330 922320 922330 922340 922350 922360 922370 922380 932370
932380 932390 942380 942390 942400 942410 942420 e
'MIT LEU flux spectrum
9** 5.9110E-10 1.7384E-09 3.4330E-09 4.0429E-09 1.1805E-08 1.6489E-07
5.1478E-07
3.8072E-06
3.4749E-06
1.7282E-06
6.3259E-06
1.6577E-06
4.2218E-06
3.9809E-06
5.6923E-06
5.3459E-07
1.8124E-06
2.2518E-06
8.1986E-07
7.3713E-07
6.2524E-07
2.4210E-07
3.6526E-07
2.5315E-07
3.6642E-07
3.5413E-07
3.7278E-07
7.9813E-07
2.7772E-07
4.4757E-07
2.7060E-07
3.0769E-07
4.0266E-07
1.8457E-06
1.6357E-05
2.8394E-06
9.8773E-07
2.5147E-06
2.0020E-06
5.8749E-06
2.5829E-06
3.7835E-06
2.7686E-06
3.9024E-07
6.5774E-06
3.5095E-07
1.0608E-06
2.9777E-07
2.6040E-07
3.0333E-07
1.7674E-07
7.9397E-07
2.2205E-07
5.4181E-07
9.9793E-07
6.7060E-07
7.8652E-07
2.8330E-07
3.2074E-07
4.2454E-07
5.6639E-06
1.4679E-05
5.6467E-06
3.1456E-06
2.1531E-06
8.2044E-06
2.9070E-06
6.8305E-07
4.2888E-06
1.8618E-06
3.1803E-06
7.4485E-07
4.3973E-06
9.2914E-07
6.3608E-07
1.7088E-07
3.2495E-07
1.9767E-07
8.5103E-07
7.2006E-07
5.9161E-07
1.3553E-07
4.9608E-07
2.3486E-07
2.9421E-07
4.2649E-07
4.4943E-07
3.3192E-06
4.8775E-06
5.2557E-06
5.9580E-06
4.9078E-06
7.6947E-06
6.9750E-07
1.7849E-06
2.2424E-06
1.4857E-06
2.2472E-06
1.8594E-06
2.5564E-07
2.1953E-07
3.2817E-07
2.5076E-07
9.8786E-08
1.1430E-07
8.8910E-07
4.9982E-07
2.3493E-07
1.7063E-07
3.5476E-07
1.2348E-07
3.0693E-07
2.2888E-07
2.6086E-07
1.6067E-05
2.2431E-06
5.4928E-06
6.5483E-06
2.9243E-06
9.7697E-06
2.0855E-06
6.3220E-06
3.8290E-06
4.9047E-07
3.8372E-06
1.4114E-06
3.1163E-07
5.2439E-07
9.1968E-07
3.2176E-07
2.5958E-07
4.0252E-07
5.2556E-07
4.8515E-07
1.1616E-06
4.6465E-08
1.3161E-06
7.5756E-08
2.8625E-07
3.2291E-07
2.6937E-07
1.1985E-05
1.9393E-06
1.3895E-06
8.2123E-07
2.6671E-06
7.8126E-06
6.2914E-07
3.0671E-06
5.5173E-06
2.4609E-06
2.1251E-07
8.7907E-08
6.5051E-07
5.2922E-07
2.5046E-07
1.4557E-07
1.9707E-07
1.4744E-07
2.5500E-07
3.7863E-07
7.5429E-07
1.9118E-07
5.4198E-07
2.5898E-07
2.6393E-07
3.8264E-07
2.7734E-07
153
**
*
2.8476E-07
5.7789E-08
5.6944E-08
6.2036E-08
1.9465E-07
2.8750E-07
4.2053E-07
6.0139E-07
8.3876E-07
1.3147E-06
1.9486E-08
1.2251E-09
end
2.8980E-07
5.7607E-08
5.5625E-08
6.4975E-08
4.1174E-07
2.9789E-07
4.3206E-07
7.0248E-07
9.4004E-07
5.7196E-07
8.1533E-09
3.2445E-10
1.4822E-07
5.8628E-08
5.4407E-08
6.7664E-08
4.3805E-07
6.3002E-07
4.3463E-07
8.3663E-07
1.0591E-06
1.3887E-06
3.9269E-09
1.7187E-10
1.4658E-07
5.8706E-08
5.4506E-08
1.7535E-07
4.6948E-07
6.8628E-07
4.3740E-07
1.0230E-06
1.1774E-06
1.1942E-07
3.0036E-09
2.7020E-12 e 1
1.4549E-07
5.8457E-08
5.6318E-08
1.8292E-07
5.0442E-07
7.4087E-07
4.6517E-07
1.2983E-06
1.2815E-06
8.9191E-08
1.8561E-09
1.4495E-07
5.8037E-08
5.9027E-08
1.8884E-07
5.3877E-07
8.0118E-07
5.2260E-07
1.7034E-06
1.3510E-06
2.2729E-08
1.0325E-09
HEU Input File
=couple2
********************** ** ********* ***************************
**
* cross sections from 238-group JEFF-3.0/A
-1$$ 990000 e
*
0$$ a3 80 a4 25 a6 33 e
1$$0001a119022a12922350a14018a1680238e t
7$$ 902320 912310 912330 922320 922330 922340 922350 922360 922370 922380 932370
932380 932390 942380 942390 942400 942410 942420 e
'MIT HEU flux spectrum
9** 5.6850E-10 1.8469E-09 3.6427E-09 4.4839E-09 1.2172E-08 1.7321E-07
5.4705E-07
4.4883E-06
3.9933E-06
1.8906E-06
6.8830E-06
1.7549E-06
4.6672E-06
4.4188E-06
6.1271E-06
5.7451E-07
1.9785E-06
2.5099E-06
9.1014E-07
9.0631E-07
7.4525E-07
2.9229E-07
4.0636E-07
4.5138E-07
1.9649E-06
1.8921E-05
3.2366E-06
1.0722E-06
2.7122E-06
2.1527E-06
6.3385E-06
2.7643E-06
4.0708E-06
3.0036E-06
4.3287E-07
7.3754E-06
4.1341E-07
1.2312E-06
4.3684E-07
3.1108E-07
3.7022E-07
2.3768E-07
6.1328E-06
1.7066E-05
6.3542E-06
3.3942E-06
2.3090E-06
8.8647E-06
2.8049E-06
7.2538E-07
4.6180E-06
2.0349E-06
3.4829E-06
8.4858E-07
5.0542E-06
1.0838E-06
7.4320E-07
2.0453E-07
3.9126E-07
2.5392E-07
3.6474E-06
5.6251E-06
6.0693E-06
6.4549E-06
5.2782E-06
8.1114E-06
7.1904E-07
1.8886E-06
2.4230E-06
1.5946E-06
2.4815E-06
2.1141E-06
2.9571E-07
2.9083E-07
3.8650E-07
3.0194E-07
1.2604E-07
1.4758E-07
1.7894E-05
2.6042E-06
6.2173E-06
7.3639E-06
3.1580E-06
1.0320E-05
2.3948E-06
6.6290E-06
4.1317E-06
5.3696E-07
4.2470E-06
1.6212E-06
4.0221E-07
6.0450E-07
1.1013E-06
4.4006E-07
3.2349E-07
4.9888E-07
1.3550E-05
2.2803E-06
1.5656E-06
9.0965E-07
2.8533E-06
8.1573E-06
7.3571E-07
3.4780E-06
5.9764E-06
2.6804E-06
2.4365E-07
1.4383E-07
7.4735E-07
6.2077E-07
2.9856E-07
2.9103E-07
3.0420E-07
1.7915E-07
154
4.4860E-07
4.7888E-07
4.7604E-07
1.0568E-06
4.0040E-07
6.0739E-07
3.5810E-07
4.0647E-07
5.3312E-07
3.8038E-07
8.0983E-08
8.6894E-08
9.3788E-08
2.7024E-07
4.0017E-07
6.3118E-07
1.0080E-06
1.6693E-06
3.0458E-06
5.3742E-08
3.6055E-09
End
9.6424E-07
2.8252E-07
6.7786E-07
1.2935E-06
9.5284E-07
1.0465E-06
3.7358E-07
4.2266E-07
5.6235E-07
3.8928E-07
8.1548E-08
8.7483E-08
9.5401E-08
5.6983E-07
4.1560E-07
6.6282E-07
1.1764E-06
1.9146E-06
1.3587E-06
2.2726E-08
1.0215E-09
1.0421E-06
9.0681E-07
7.7476E-07
1.9750E-07
7.0102E-07
3.1511E-07
3.8879E-07
5.7314E-07
5.9570E-07
1.9924E-07
8.2921E-08
8.8262E-08
9.7495E-08
6.0679E-07
8.8359E-07
6.9490E-07
1.4208E-06
2.2082E-06
3.4404E-06
1.1358E-08
5.8118E-10
1.1093E-06
6.3227E-07
3.1420E-07
3.6673E-07
4.8513E-07
1.6495E-07
4.0485E-07
3.0485E-07
3.4719E-07
2.0014E-07
8.4094E-08
8.9535E-08
2.4789E-07
6.4834E-07
9.7101E-07
7.3362E-07
1.7806E-06
2.5070E-06
3.1407E-07
8.7587E-09
9.3886E-12 e I
7.3644E-07
6.0851E-07
1.4693E-06
3.3442E-07
1.7390E-06
1.0060E-07
3.7824E-07
4.2769E-07
3.5786E-07
2.0051E-07
8.4547E-08
9.0703E-08
2.5562E-07
6.9826E-07
1.0625E-06
7.9660E-07
2.3592E-06
2.7987E-06
2.3743E-07
5.4770E-09
4.9016E-07
4.7975E-07
9.5915E-07
3.2975E-07
7.1275E-07
3.4387E-07
3.4826E-07
5.0563E-07
3.6905E-07
2.0170E-07
8.5877E-08
9.2188E-08
2.6320E-07
7.4926E-07
1.1701E-06
8.8604E-07
3.2589E-06
3.0346E-06
6.2351E-08
3.0240E-09
B.2 ORIGEN-S Input Files
LEU 7 MW Input File
=origens
-1$$ 400000
0$$ a4 33 e
1$$ 1 it
MIT MCNP library simulation
3$$ 33 a3 1 -81 all 0 0 a16 2 a33 18 e 2t
35$$ 0 4t
56$$20200a6 1 a100a13443 021 e
57** 0 a3 le-5 e 5t
Irradiation period
mt of heavy metal charged to reactor
58** 20r7.35
60** 17i29 551 571
66$$ al 2 a5 2 a9 2 e
73$$ 420000 922350 922380 130000
74** 9900 19600 79500 24870
75$$ 4 2 2 4 t
56$$011 a1020a142a172e
57** a3 le-5 e 5t
155
60** 102030405060
65$$ 3z 1 2z 1 17z 1 2z
708090100110
1 17z 1 2z 1 14z
61** 5r1-3 1+6 1+4
81$$ 2 0 26 1 e
82$$ f2 e
83** 4500000 3500000 2500000 1750000 1250000 900000 700000 550000
450000 350000 250000 175000 125000 90000 70000 55000 45000 35000 25000 t
56$$ fO t
end
HEU 6 MW Input File
=origens
-1$$ 400000
0$$ a4 33 e
1$$ 1 it
MIT MCNP library simulation
3$$ 33 a3 1 -81 all 0 0 a16 2 a33 18 e 2t
35$$ 0 4t
56$$20200a6 1 a100a1334302 1e
57** 0 a3 le-5 e 5t
Irradiation period
mt of heavy metal charged to reactor
58** 20r6.3
60** 17i34 646 667
66$$ al 2 a5 2 a9 2 e
73$$ 922350 922380 130000
74** 11500 850 42850
75$$ 2 2 4 t
56$$011 a1020a142a172e
57** a3 le-5 e t
60** 102030405060708090 100 110
65$$ 3z 1 2z 1 17z 1 2z 1 17z 1 2z 1 14z
61** 5rl-3 1+6 1+4
81$$ 2 0 26 1 e
82$$ f2 e
83** 4500000 3500000 2500000 1750000 1250000 900000 700000 550000
450000 350000 250000 175000 125000 90000 70000 55000 45000 35000 25000 t
56$$ fO t
end
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